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Abstract

When waves get multiply scattered in 3D random media, a disorder driven
phase transition from diffusion to localization can be observed. This phase
transition was first predicted by P. W. Anderson for electronic systems [1].
For light waves, this transition was recently measured in 3D by Störzer et al.
with time of flight measurements [2] and by Sperling et al. analyzing the 2D
transmission profile [3]. While the origin of Anderson localization is claimed to
be the interference between time-reversed scattering paths, experimental evi-
dence is still missing. The Faraday effect can be used to destroy time-reversal
symmetry in multiple scattering media [4, 5]. To affect light localization by
magnetic fields via the Faraday effect, disordered media that show both signs
of localization and strong Faraday rotation has to be used. This thesis reports
the characterization of a two component material made of a strongly scattering
powder (TiO2) and a Faraday active powder (CeF3). The samples were charac-
terized in a speckle interferometer regarding their degree of Faraday rotation.
This was done by measuring the decay of the speckle intensity correlation func-
tion with increasing magnetic field, and comparing the experimental data with
a theoretical description developed by F. Erbacher [6]. A time of flight setup
was used to determine their light transport properties, namely the diffusion
coefficient and the absorption length, and the disorder parameter was charac-
terized by measuring the coherent backscattering cone. The obtained results
lead to the prediction that this two component material can be prepared to
show the required properties for observing a magnetic field driven transition
from light localization to diffusion. This would be an evidence that the ori-
gin of Anderson localization is the constructive interference on time-reversed
scattering paths.



Deutsche Zusammenfassung

In dieser Arbeit geht es um den Lichttransport in vielfachstreuenden, un-
geordneten Medien unter Einfluss eines externen Magnetfeldes. Für die Aus-
breitung von Licht bzw. im Allgemeinen von Wellen kann in diesen Medien
ein Phasenübergang vom diffusiven Transport zur Lokalisierung mit steigen-
dem Maße an Unordnung beobachtet werden. Dieses Phänomen wurde von
P. W. Anderson zuerst für Elektronensysteme vorhergesagt [1]. Für Licht
konnte dieser Übergang in dreidimensionalen Medien von M. Störzer et al.
mit Flugzeitmessungen von Photonen [2] und von T. Sperling et al. mit der
Messung des 2D Transmissionsprofiles des Lichts [3] beobachtet werden. Die
Ursache der Anderson Lokalisierung ist die Interferenz von zeitumgekehrten
Pfaden des Lichts, wobei ein experimenteller Nachweis hierfür bisher nicht
geliefert werden konnte. Der magneto-optische Faraday Effekt kann dazu ge-
nutzt werden, mittels eines Magnetfeldes, die Zeitumkehrsymmetrie in den
Proben zu zerstören [4, 5]. Um den Übergang des Lichttransportes aus dem
Regime der Lokalisierung in das diffusive Regime durch Anlegen eines exter-
nen Magnetfeldes zu beobachten, müssen die verwendeten Proben daher beson-
dere Anforderungen erfüllen. Zum einen müssen sie stark streuend sein, um so
Lokalisierungseffekte zu beobachten, und zum anderen sollten sie stark Faraday
aktiv sein, um die Zeitumkehrinvarianz im Magnetfeld zu brechen. Diese Arbeit
handelt von Experimenten, in denen Proben aus Mischungen von zwei Pulvern
charakterisiert wurden. Die Stärke der Faraday Rotation der Proben wurde
dazu mittels eines Speckle-Interferometers über den Zerfall der Intensitäts-
Kreuzkorrelationsfunktion mit steigendem Magnetfeld gemessen. Die Daten
konnten mit der Theorie von F. Erbacher [6] quantitativ ausgewertet werden.
Die Transporteigenschaften des Lichtes wurden mit Hilfe eines Flugzeitexper-
imentes der Photonen analysiert und der Grad der Unordnung der Pulver-
mischungen konnte über Messungen des Rückstreukonuses bestimmt werden.
Mit den in dieser Arbeit vorgestellten Messungen, kann geschlussfolgert wer-
den, dass es möglich sein sollte Proben herzustellen, welche die gewünschten
Eigenschaften zeigen, um die Ursache der Anderson Lokalisierung von Licht
in starken Magnetfeldern zu zerstören. Die Messung des Übergangs von Loka-
lisierung zum diffusiven Transport, induziert durch ein Magnetfeld, wäre ein
experimentellen Nachweis für die Interferenz zeitumgekehrter Pfade als Ur-
sache der Anderson Lokalisierung.
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Chapter 1

Introduction

This thesis was carried out as a part of the master program at the University
of Konstanz in the group of Prof. Dr. Georg Maret. It describes my work on a
speckle interferometer, which was constructed to operate at low temperatures
(T < 10 K) and in high magnetic fields (B ≈ 7 T). This system was used
to characterize light localizing samples with respect to their Faraday rotation.
The results obtained in this thesis motivate future experiments on Anderson
localization of light, where the magneto-optical Faraday effect should be used
to destroy the origin of localization.

1.1 Motivation

Multiple scattering is a very general phenomenon that occurs in daily life. Ex-
amples are multiple electron scattering in a copper wire, leading to its electric
resistance or the multiple scattering of light in clouds, leading to their milky
appearance. In this thesis the focus is on multiple scattering of light waves. Be-
side its technical relevance, light is of special interest in the multiple scattering
regime because in contrast to other waves (e.g. electrons) it shows no further
relevant interactions beside interference. For example electronic systems show
Coulomb interaction. Examples for light scattering are the blue color of the
sky which is caused by the wavelength-dependent scattering strength of the
Rayleigh scatters or, as mentioned above, the milky appearance of the clouds
arising due to the loss of the information where the light originates from. The
second example is a multiple scattering phenomenon, where the photon trans-
port can be described as a random walk through the medium. This transport
description is valid if the coherence length of the light is small enough so
that interference effects are negligible. If the coherence length of the light is
longer than the longest path length difference in a multiple scattering sam-
ple, the classical diffusive description no longer holds. Interference effect lead
to new phenomena, such as coherent backscattering or Anderson localization.
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1.1. MOTIVATION CHAPTER 1. INTRODUCTION

The latter was predicted first by P. W. Anderson in 1958 [1] for electronic
systems. It describes a phase transition from diffusion to localization for wave
transport [7], scaling with the disorder as the control parameter. For electronic
systems this is connected to a metal-insulator transition. More than fifty years
later, this transition was observed for many different waves such as ultrasonic
waves [8] or particle waves [9, 10]. For light waves, Störzer et al. [2] and Sper-
ling et al. [3] measured the transition to Anderson localization of light in a 3D
sample of titanium dioxide (TiO2) with different experimental methods.

The origin of Anderson localization (and coherent backscattering) is believed
to be the constructive interference on time reversed paths in backscattering di-
rection. Since the magneto-optical Faraday effect can destroy the time reversal
invariance, it can be used to destroy the interference origin of the coherent
wave transport phenomena. For coherent backscattering this was shown to be
the case by Lenke et al. [5]. To show the interference nature of Anderson local-
ization, one wants to destroy the signs of Anderson localization in a magnetic
field via the magneto-optical Faraday rotation of light. Therefore the samples
need to fulfill two conditions: On the one hand side, the samples need to show
signs of localization, meaning that they are in the strong scattering regime of
light where the wavelength of the light λ is in the same order of magnitude
as the transport mean free path l∗ (λ ≈ l∗). The sample used to achieve this
property was a powder of TiO2. On the other hand, the samples need to show a
high magneto-optical Faraday rotation to be able to destroy the time reversal
symmetry of the light paths in a magnetic field. Here a Faraday active mate-
rial, cerium fluoride (CeF3), whose Faraday rotation strength strongly increases
with decreasing temperature, was used. The aim of this project was to charac-
terize different sample mixtures with respect to their Faraday rotation to find
samples that show the above explained behavior in the experimental limited
regime of accessible temperatures, magnetic fields and volume fractions.

Three different setups were used to characterize the samples properties. In
time of flight experiments described in ref. [11] the transport properties of the
samples were characterized. A coherent backscattering experiment was built as
described in ref. [12] to determine the disorder parameter kl∗ of the sample. But
the main goal of the thesis was to characterize the magneto-optical Faraday
rotation of the sample mixtures. This was done in a self-constructed speckle in-
terferometer. The magnetic field dependent intensity cross-correlation function
of the transmission speckle was used to measure the strength of this effect.

With the performed experiments, different powder mixtures are character-
ized regarding their scattering and Faraday rotation properties to find samples
that might be used in future experiments for the destruction of the signs of
Anderson localization in external magnetic fields.
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Chapter 2

Theoretical Background

In this chapter the theory of light scattering is explained, with focus on mul-
tiple light scattering. Especially, light scattering phenomena based on inter-
ference effects, such as coherent backscattering and Anderson localization, are
introduced. The latter only occurs in highly scattering samples. Moreover, the
theory of the magneto-optical Faraday effect in homogeneous and in disor-
dered, multiple scattering media is explained. These theories are required to
understand the aim of this project and the performed experiments.

2.1 Light scattering

Every multiple light scattering phenomenon is based on the underlying sin-
gle scattering event taking place several times. Light scattering events can be
either elastic or inelastic. Elastic scattering events lead to a change of the direc-
tion of propagation of the photons and can additionally change their polariza-
tion (phase) but do not involve any energy transfer such as inelastic scattering
events do. A common process leading to inelastic scattering is absorption.
In weakly scattering samples, absorption can be described by Beer-Lambert’s
Law, which states that the intensity I of a light wave propagating along z
attenuates exponentially:

I(z) = I(0) exp(− z
la

) , (2.1)

with la the absorption length.

2.1.1 Single scattering

Light scattering occurs, if there is a change in the index of refraction n. This
can be due to a boundary between two materials, impurities or inhomogeneities
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2.1. LIGHT SCATTERING CHAPTER 2. THEORETICAL BACKGROUND

in the medium. Depending on the ratio of the wavelength λ of the light to the
scatter size, different single scattering regimes can be distinguished.

Rayleigh scattering

If the spatial region of index variation, e.g., a spherical scatterer with radius a,
is much smaller than the wavelength of light λ, the incident plain wave can
be considered to be homogeneous over the scatters size. The scattering event
can now be described following Rayleigh [13]. The incoming wave excites the
scatterer to perform dipole oscillations with the same phase and direction
as the incident light. The scatterer can be simplified to a Hertzian dipole.
For spherical isotropic scatterers and incoming unpolarized light, the radiated
intensity is [14]:

I = I0
a6k4

R2

(
n2 − 1

n2 + 2

)2

(1 + cos2 θ) , (2.2)

with k = 2π
λ

the wave vector of the light wave, I0 the intensity of the incom-
ing light, R the distance from the scatterer, n the refractive index and θ the
scattering angle. The typical dependence I ∝ 1

λ4
for Rayleigh scatters explains

for example the blue color of the sky. The reason is, that the atmosphere
molecules are much smaller than the wavelength of light in the visible region,
so that they behave like Rayleigh scatterers. Thus, the scattered intensity in
the blue region, where the wavelength is lower than in the other visible regions,
is higher.

Mie scattering

When the size of the scatterers becomes comparable to the wavelength of the
scattered light (a ≈ λ), the Rayleigh approximation is not valid any more. One
needs to solve Maxwell’s equations with such scatterers. While for arbitrarily
shaped scatterers this is analytically not possible, Mie developed an analytic
solution for a plain electromagnetic wave scattered by a spherical particle [15].
As a result the scattering cross section σ varies strongly with the size of the
scatterers and the wavelength of the light. For the so-called Mie resonances,
the scattering cross section is strongly increased, as seen in Fig. 2.1.

In the performed experiments, the scatterers size is in the same order of mag-
nitude as the wavelength of the scattered light (λ = 532 nm). Thus the domi-
nating single scattering event is Mie scattering. But as shown in Fig. 2.1, there
is no Mie resonance directly influencing our experimental regime. Furthermore

6
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Figure 2.1: Dependence of the scattering cross section on (a) the scatterer size and (b) the
wavelength calculated for Mie scatterers with “Light Lab: Far field Mie scat-
tering” [16]. The values of the refractive index n, the wavelength λ and the
scatter size d are chosen to be in a typical regime used in the experiments with
TiO2 particles.

the particle diameter varies strongly around the average value d = 245 nm,
with a polydispersity of 45% [17]. Thus the Mie resonances smear out, such
that our experiments are not influenced by their enhanced scattering.

Geometrical optics

For particles much larger than the wavelength of the scattered light (a � λ)
the limit of geometrical optics is reached. Here the refraction of the incoming
wave at the boundary between two media with index of refraction n1 and n2

is described by Snell’s Law :

n1 sinα = n2 sin β , (2.3)

with α and β the angle of incidence and of refraction.
The propagation of the light in this regime is dominated by Fermat’s prin-

ciple, which states that light always travels the fastest way between two given
points. The ratio of the reflected to the refracted light is given by the Fresnel
equations.
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2.1. LIGHT SCATTERING CHAPTER 2. THEORETICAL BACKGROUND

2.1.2 Multiple scattering

In the multiple scattering regime, the characteristic length scale is the scat-
tering mean free path ls, which is the path between two scattering events.
It quantifies the scattering process via the scattering cross section σ and the
density of scatterers ρs:

ls =
1

ρsσ
(2.4)

If the system size L is smaller or in the order of magnitude of this length scale,
the system is in the ballistic scattering regime as described above. For L� ls
multiple scattering events take place. The classical models of multiple light
scattering are discussed in several text books, for example in ref. [18].

For anisotropic scatterers, such as Mie scatterers which have an enhanced
scattering probability in forward direction, the anisotropy leads to a correla-
tion between scattering events in the direction of the photon transport. The
anisotropy factor

〈cos θ〉 =

∫
cos θσ(θ)dΩ∫
σ(θ)dΩ

(2.5)

can be used to account for this in the calculation of the mean free path. Here
θ is the scattering angle between the incident and the scattered light. The
scattering mean free path is now replaced by the transport mean free path

l∗ =
ls

1− 〈cos θ〉
, (2.6)

which describes the path length on which the orientational correlation is lost.
For isotropic scatterers, e.g., Rayleigh scatterers, the anisotropy factor is zero
and the transport mean free path equals the scattering mean free path (l∗ = ls).

In the classical picture of light transport in multiple scattering media, the
propagation of the photons is described by a random walk of the photons in
the sample. It can furthermore be described as a diffusion process of the energy
density. This is published in ref. [11, 17] and [18] more detailed. The classical
description of light transport in multiple scattering media neglects the wave
character of the light, and thus only accounts for the incoherent part of the
light intensity. The coherent part, which leads to interference and thus to new
phenomena such as coherent backscattering or Anderson localization, will be
taken into account later in this thesis.

8



2.1. LIGHT SCATTERING CHAPTER 2. THEORETICAL BACKGROUND

Random walk model and the diffusion approximation

In order to describe the multiple scattering mechanism of photons in random
media, a numerical approach can be used and all microscopic details about
the single scattering mechanism can be put in the transport mean free path l∗.
This approach is the random walk model. l∗ takes the role of the characteristic
length scale of the discrete step-length distribution. The description presented
in this section follows ref. [11].

Imagine a photon starting its propagation in one dimension at x = 0 at time
t0 = 0 and moves one step ∆x (in positive or in negative direction) during ∆t.
Because 〈∆x〉 = 0, the mean position of N such photons stays centered around
x = 0 with a Gaussian distribution. The spread of the photons is described
by the mean squared displacement 〈x2〉. At time ti = i∆t, i ∈ N, the mean
squared displacement of all N photons is:

〈x2(ti)〉 =
1

N

N∑
j=1

x2
j(ti) . (2.7)

Using xj(ti) = xj(ti−1) + ∆x and calculating an ensemble average, the linear
term in x vanishes since the photons stay centered around their starting posi-
tion (〈x〉 = 0) due to the symmetry of the random walk. This yields a mean
squared displacement of

〈x2(t)〉 =
t

∆t
∆x2 = 2Dt . (2.8)

Here the Boltzmann diffusion coefficient D = ∆x2

2∆t
, which connects the random

walk model to the diffusion theory, is introduced. In 3D one adds up the
independent mean squared displacements of each spatial direction and ends
up with

〈r2〉 = 〈x2〉+ 〈y2〉+ 〈z2〉 = 6Dt . (2.9)

The multiple light scattering can furthermore be described by the diffusive
transport of the photon energy density. Assuming energy conservation, the
temporal change of the energy density distribution ρ in a volume element has
to be due to the spacial change of the energy flux j

∂tρ = −∇j . (2.10)

9



2.1. LIGHT SCATTERING CHAPTER 2. THEORETICAL BACKGROUND

This is the equation of continuity. Using Fick’s law for the energy flux

j = −D∇ρ , (2.11)

Eq. (2.10) can be rewritten to

∂tρ = D∇2ρ . (2.12)

Furthermore in multiple light scattering experiments absorption is always pre-
sent. Therefore the absorption term 1/τaρ, which is related to an exponential
decay in energy density ρ with a time constant τa, lowers the temporal change
of the energy density. So Equation (2.12) ends up in the following form:

∂tρ = D∇2ρ− 1

τa
ρ . (2.13)

Here τa is the absorption time corresponding to the microscopic absorption
length la = cτa/neff, with c the speed of light and neff the effective refractive
index of the multiple scattering sample. la is the path length on which the
intensity is attenuated by 1/e. The macroscopic absorption length is defined
as La =

√
Dτa. The different length scales are illustrated in Fig. 2.2.

Solving the diffusion approximation (Equation (2.13)) in 1D starting with a
delta peak shaped energy density at t0 = 0 in an infinite medium (no bound-
aries), leads to a Gaussian distribution of the energy density at position x and

(a) (b)

Figure 2.2: Sketch of the relevant length scales in a multiple scattering sample. (a) shows
the difference of the scattering mean free path ls and the transport mean free
path l∗. L is the sample size. (b) illustrates the microscopic absorption length
la and the macroscopic absorption length La.

10



2.1. LIGHT SCATTERING CHAPTER 2. THEORETICAL BACKGROUND

time t [17]:

ρ(x, t) =
1√

4πDt
exp

(
− x2

4Dt
− t

τa

)
. (2.14)

The variance 〈x2〉 of this distribution recovers the mean squared displacement
of the random walk model:

〈x2〉 =

∫
x2ρ(x, t)dx = 2Dt . (2.15)

As mentioned above in the random walk model, the transport mean free path
l∗ takes the role of the characteristic length scale of the path-length distribu-
tion. Assuming an exponential path-length distribution p(∆x) = 1

2l∗
exp(− |∆x|

l∗
),

that recovers the mean step length 〈|∆x|〉 = l∗ and shows a variance of
〈∆x2〉 = 2(l∗)2, leads to a mean squared displacement of

〈x2〉 =
2sl∗

d
, (2.16)

with s = ml∗ a photon path of m steps and d the dimension of the system.
Combining Eq. (2.15) and Eq. (2.16) and using the energy transport velocity
vE = s

t
gives a relation between the diffusion coefficient D and the transport

mean free path l∗:

D =
vEl
∗

d
. (2.17)

In time of flight experiments, as performed in this thesis, the measured
property is the time-resolved intensity I(t). This property is connected via
Fick’s law to the photon density ρ as follows:

I(t) = −D∂ρ
∂z

, (2.18)

with z along the propagation direction of the incoming light. The diffusion
approximation was solved in Eq. (2.14) for a spread of a delta peak in an infi-
nite medium. Experimentally the geometry of the multiple scattering samples
used for transmission experiments are slabs with a much larger (approximately
infinite) size in x and y direction (vertical to the propagation direction of the in-
coming light) than in z direction. This slab geometry with the photons entering
the sample from one side can be solved analytically. Therefore M. Störzer [11]
calculated the probability for a photon to travel from a point A to a point B

11



2.1. LIGHT SCATTERING CHAPTER 2. THEORETICAL BACKGROUND

in a slab with boundaries using an image point method, as described by Lenke
et al. [18]:

ρ(zA, zB, t) =
2

L
exp(− t

τa
)
∞∑
n=1

exp

(
−n

2π2

L2
Dt

)
sin
(nπ
L
zA

)
sin
(nπ
L
zB

)
.

(2.19)

Now the transmitted intensity of a point source through a slab of thickness L
can be found with Eq. (2.18):

I(t) = −2D exp

(
− t

τa

) ∞∑
n=1

(−1)n exp

(
−n

2π2D

L2
t

)
l∗

L

(nπ
L

)2

. (2.20)

This transmission formula is illustrated in Fig. 2.3. Here it is clearly visible
that the long time tail is governed by

I(t) ∝ exp

[
−
(

1

τa
+
π2D

L2

)
t

]
. (2.21)

Fitting Eq. (2.20) to time of flight measurements as discussed in the experimen-
tal section allows to extract the absorption time τa and the diffusion constant
D of a specific sample.

Moreover, the path-length distribution function P (s) of a slab of length L,
with s a specific path, can be calculated from Eq. (2.19) using D = vE l

∗

3
,

Figure 2.3: Transmitted intensity I(t) of a multiple scattering sample in slab geometry
calculated from Eq. (2.20) for typical experimental parameters D = 40 m2/s,
L = 1 mm and τa = 1.3 ns.
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t = s/vE and τa = L2
a

D
:

P (s, L) =
2

L
exp

(
− sl∗

3L2
a

) ∞∑
n=1

exp

(
−n

2π2sl∗

3L2

)
sin

(
nπγl∗

L

)
sin

(
nπ(L− γl∗)

L

)
.

(2.22)

Here La acts as an exponential cut of length for long photon paths. The factor γ
arise from the boundary conditions, which state that the diffusion starts after
distance z1 = γl∗ to the surface inside the sample and ends at z2 = L − γl∗.
F. Erbacher [19] sets γ ≈ 5

3
, although the exact value is not so relevant since

γl∗ is small compared to the mean path length 〈s〉. Equation (2.22) can be
used to calculate the field-field-correlation function for transmission speckle,
which will be discussed in Sec. 2.3.4 about correlation functions.

2.2 Coherent wave transport

The diffusion approximation was described in the previous section. It explains
the photon transport through a random medium if the coherent contribution
of the light and thus its wave character can be neglected. The coherent part
of the light becomes important in the following cases:

• If the coherence length lc of the light is longer than the difference in path
lengths of the photons traveling through a multiple scattering sample,
the photons show an interference pattern when leaving the sample. Such
a pattern is shown in Fig. 2.4.

• But even if lc is large, the diffusion approximation is valid in the case
of low disorder (kl∗ high), since the contribution of the coherent light
intensity scales with 1/(kl∗)2. With decreasing kl∗ (and thus increasing
disorder) the contribution of coherent phenomena increase.

In this section the phenomena arising from the coherent contribution of
the light are explained. The wave character of the light leads to interference
between light waves. Thus new phenomena such as speckle, coherent backscat-
tering and Anderson localization occur.

2.2.1 The speckle pattern

Consider a light beam illuminating a random multiple scattering sample. If
the incident light has a coherence length lc larger than the longest path length

13
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Figure 2.4: Illustration of a typical speckle pattern of Gaussian speckle: (a) Image section
of the transmission speckle observed on a TiO2 powder sample illuminated with
a laser of λ = 532 nm. (b) Histogram of the observed speckle pattern intensity.
An exponential decay as predicted for probability density P (I) of uncorrelated
photon paths is visible. An offset in intensity, caused by the measurement noise,
around ∼ 1800 can be seen.

difference of the photons traveling through a multiple scattering sample, then
the photons leaving the sample can interfere. One observes a granular pattern
both in transmission and reflection. On their different ways through the sam-
ple the photons collect different phases. This phase difference lead to angular
dependent fluctuations of the transmitted/reflected intensity, arising from the
constructive and destructive interference of the light leaving the sample. The
observed pattern is the so called speckle pattern. An example of the observed
transmission speckle in the experiments performed in this thesis is shown in
Fig. 2.4(a).

The histogram in Fig. 2.4(b) shows the probability density P (I) of the in-
tensity. Its exponential distribution

P (I) ∝ exp(−I/〈I〉) (2.23)

indicates the speckle to originate from an uncorrelated multiple scattering
random walk process [20]. Moreover, Fig. 2.4(b) shows an offset in the intensity
around 1800, that is caused by the measurement noise (including observational
noise).

On their way through the sample, the photons lose their memory of their
incident polarization such that every speckle shows a random but well de-
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fined polarization. The shown speckle pattern is the pattern of one plane of
polarization. Since light is a vector wave, both independent, perpendicular to
each other polarized components of the polarization form this pattern. Both
polarization directions can overlap incoherently and must be separated in an
experiment by an analyzer to be described by the exponential statistics.

2.2.2 Coherent backscattering

Movements of the scatters changes the photon paths through the sample, and
thus the phase the different photons collect on their way through the sample.
This leads to a changed speckle pattern. The correlation between two images
gives information about the phase change of the photons. If the phase change
is caused by the movements of the scatteres, autocorrelation can be used to
characterize the scatterers properties (e.g. their size or velocity). This method
is called diffusion wave spectroscopy (DWS) [21].

If the exposure time of the measuring device (e.g. a CCD) is much longer
than the time scale on which the speckle changes, the observed intensity is
an average over an ensemble of photon paths. The pattern averages out to its
mean intensity.

There is one exception. Considering two photons from the same light beam
to travel on the same path but in opposite direction, they collect the same
phase change on their way through the sample. According to this, they will
interfere constructively in exact backscattering direction. These two paths are
called time reversed paths. For a wavefront illuminating the samples surface,
there are different possible time reversed paths, which differ in their distance
vector r parallel to the samples surface. They all form a specific angular de-
pendent oscillating interference pattern with constructive interference in exact
backscattering direction, similar to the interference pattern of a double slit
experiment. For a specific path with distance vector r, the interference inten-
sity is given by 1 + cos(qr), with q = k| sin(θ)| the wave vector of the light
leaving the sample and θ the scattering angle. Averaging over all these pat-
terns and weighting them with their occurrence probability leads to the so
called coherent backscattering cone (CBC) with a two-fold enhancement in
exact backscattering direction decaying with an angular scale of 1/(kl∗) for
an incoming spatially and temporally infinitely extended plane wave [22]. This
average is illustrated in Fig. 2.5. At larger angles, the minima and maxima of
the different patterns superimpose and all patterns average to a background
of unity. More details can be found in ref. [18].

This so called weak localization effect was the first evidence for the interfer-
ence of light waves on time reversed paths in multiple scattering samples (Wolf
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Figure 2.5: Schematic of the self-averaging process over all interference patterns from dif-
ferent time reversed paths. The grey dotted curves show the angular dependent
oscillations of the interference pattern for two paths with different distance vec-
tors r. The black curve is the so called Coherent Backscattering Cone originated
from the overall average of all possible paths with an enhancement of two at a
backscattering angle θb = 0◦. Figure taken from [18].

and Maret [23], Albada and Langendjik [24]) and is a precursor of Anderson
localization, which will be explained in the next section.

Since the reason for the CBC is the phase coherence on time reversed paths,
this phenomenon is independent of the specific path lengths. Furthermore it
is independent of the motions of the scatterers or of the whole sample because
the time scale of these movements is much larger than the time the photons
need to travel on the time reversed paths.

The enhancement of the CBC can deviate from the two-fold enhancement
for several other reasons:

• If the reflected photons are only scattered once, there is no time reversed
path, such that this incoherent light lowers the enhancement of the cone.
In the experiments single scattering is filtered with a circular polarizer in
front of the sample. While multiple scattered light, which gets depolar-
ized during its path through the sample, can pass the circular polarizer,
the single scattered light, whose helicity gets flipped by the scattering,
is blocked.

• The enhancement furthermore depends on the polarization of the incom-
ing light and the scattering anisotropy. For example the enhancement is
higher for circular polarized light than for linear polarized light [12].

• The coherence length of the light limits the interference of long paths,
such that it acts as an cutoff length for these paths.
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• Inelastic scattering (e.g. absorption) destroys the time reversal symmetry
of a specific path. Therefore absorption also acts as a cutoff length for
long photon paths.

In this thesis the coherent backscattering cone was used to measure the
property of the transport mean free path l∗ of the samples. Two methods
may be used: One way to do this is to measure the full width half maximum
(FWHM), knowing that it is antiproportional to the transport mean free path
(FWHM ∝ 1/kl∗). In this case, it should be mentioned that the FWHM is
strongly influenced by internal reflections for samples with a high refractive
index. The exact calculation has been done by Zhu et al. [25].

In our case we used the exact theory of coherent backscattering as described
by Ackkermans and Montambaux [14] to fit the data of the backscattering
cone with l∗ as a free parameter. One can calculate the photon density in the
backscattering geometry ρback for a semi-infinite medium, as done for trans-
mission in Eq. (2.19) (see e.g. ref. [12]). Assuming a non-absorbing, multiple
scattering sample and a plane, uniform wave impinging perpendicular to the
sample surface and having an infinite spatial and temporal coherence, the co-
herent part αc and the incoherent part αd of the photon flux backscattered
from the sample can be evaluated. The incoherent part is called the Diffuson
and can be written as follows [12]:

αd(θ) =
µ
(
z0
l∗

+ µ
µ+1

)
z0
l∗

+ 1
2

. (2.24)

Here µ = cos(θ) and z0 is the average penetration depth of the photon
density, that is assumed to be z0 = 2

3
l∗ [14]. The coherent part is called the

Cooperon and states:

αc(θ) =

1−exp(−2qz0)
ql∗

+ 2µ
µ+1

2
(
z0
l∗

+ 1
2

) (
ql∗ + µ+1

2µ

)2 , (2.25)

where q = k| sin(θ)|. For low disorder samples (high kl∗) and small angles
θ (µ ≈ 1), αc scales with 1/(kl∗θ + 1)2. This recovers the enhancement of
αc(θ = 0) = 1 in exact backscattering direction.

As mentioned above, absorption lowers the enhancement of the coherent
backscattering cone by rounding the tip of the cone. Real samples always
show absorption. To account for this, the wave vector q can be substituted by
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q2
a = q2 + (Dτa)

−1 with τa the absorption time:

αc(θ, τa) =
l∗
(
l∗ +
√
Dτa

)2
(

1−exp(−2qaz0)
qal∗

+ 2µ
µ+1

)
Dτa

(
l∗ +

(
1− exp( −2z0√

Dτa
)
)√

Dτa

)(
qal∗ + µ+1

2µ

)2 . (2.26)

Equation (2.26) is used in the experiments to obtain the transport mean free
path l∗ by fitting the coherent backscattering data, knowing the absorption
and transport properties of the samples.

2.2.3 Anderson localization

The concept of constructive interference of light waves on time reversed path
was already introduced in the latter section. This concept is visualized for a
sample boundary in Fig. 2.6(a). This simple picture led to the description of
the coherent backscattering cone.

The same simplified picture can be used to introduce Anderson localization.
If one thinks about photons traveling on time reversed paths in the bulk of
a sample, these photons will have an enhanced probability to return to their
starting point caused by the constructive interference on time reversed paths.
This is sketched in Fig. 2.6(b). Now every scatterer in a sample can be seen as
a starting point of such time reversed paths. If the scatterers density increases
the probability for photons to travel on such time reversed path increases too.
As a consequence the photons have a higher probability to return to their
origin, which ends up in a transport, slowed down compared to the diffusive
transport.

(a) (b)

Figure 2.6: Schematic of the time reversed paths causing (a) Coherent backscattering and
(b) Anderson localization. The photon traveling on the black and the red
paths collect the same phase, such that they interfere constructively in exact
backscattering geometry.
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Since the only requirements for this phenomenon are waves that travel in
a random scattering potential, this phenomenon is valid for all sorts of waves
such as light waves, electrons, ultrasonic waves or ultracold atoms. Historically
Anderson localization was introduced by P.W. Anderson in 1958 for electronic
systems [1]. In this case it was expected that, for an ideal system, the diffusion
comes to a halt when increasing the disorder. More precisely, a metal-insulator
transition was predicted. It should appear at the so called Ioffe-Regel crite-
rion [26], which states kl∗ ≈ 1. This criterion implies that a wave is scattered
several times within one wavelength. Knowing that, the picture mentioned
above is a rough simplification of the real transport process taking place, since
the concept of waves and geometrical rays break down in this limit. Despite all
that, the concept of the slowed down diffusion from this simple picture recovers
the properties observed in many localization experiments, e.g., for light [2, 3],
ultrasound [8] or ultracold atoms [9,10]. Electrons have the disadvantage that
their transport behavior is influenced by their Coulomb interaction with each
other and the surrounding atoms. Photons do not show such interactions, which
makes them a good model system for Anderson localization.

Self-consistent theory

The simple picture about the mechanism behind Anderson localization pre-
sented in the last section already showed the concept of slowed down dif-
fusion, and thus a time dependent diffusion coefficient D(t). The so called
self-consistent theory originally developed by Vollhard and Wölfe for 2D sys-
tems [27, 28] recovers this behavior. Including interference effects in the diffu-
sion ansatz, van Tiggelen et al. [29] found a renormalized diffusion coefficient

D = D0

(
1− 1

(kl∗)2

)
, (2.27)

which recovers the Ioffe-Regel criterion and shows the scaling with 1/(kl∗)2

of the interference effects. Here D0 is the diffusion constant of the normal
diffusion approximation.

Based on the original self-consistent theory, Skipetrov and van Tiggelen [30]
calculated a position and time (frequency Ω in Fourier space) dependent dif-
fusion coefficient D(Ω, r) for 3D systems. They allowed a position dependency
of the diffusion coefficient to account for boundaries of a sample, where the
photon paths leak out of the system. They describe the transport behavior via
a diffusion equation for the intensity Green’s function C(r, r′, t− t′). This pro-
pagator can be interpreted as the density of energy at a position r and a time t
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coming form a short pulse emitted at position r′ and time t′. They replaced
the normal diffusion equations by a system of self-consistent equations which
reads in Fourier space:

[−iΩ−∇D(Ω, r)∇]C(r, r′,Ω) = δ(r− r′) , (2.28)

1

D(Ω, r)
=

1

D0

+
12π

(kl∗)2
C(r, r′,Ω) , (2.29)

with C(r, r′,Ω) the time Fourier transformed of C(r, r′, t− t′). More precisely,
they found the following long time behavior of the diffusion coefficient:

D(t) ∝ 1

t
. (2.30)

This behavior of the diffusion coefficient in the Anderson localization regime
(sometimes called strong localization) is recovered in the picture that localiza-
tion is connected to the stop of the spreading of the photon cloud:

〈r2〉 = D(t)t = const. (2.31)

Scaling theory

Another important property for localization is the dimension of the system of
interest. Abrahams et al. [31] developed the so called scaling theory of localiza-
tion, which uses a scale independent ansatz to describe the transport behavior.
Therefore the dimensionless conductance g is introduced to describe the trans-
mission through a multiple scattering system. This quantity gives a relation
between the mean energy level spacing of the transport modes ∆E and the
mean of the fluctuations of the energy levels δE, arising from the boundary
conditions:

g(L) ≡ δE

∆E
≡ 2~
e2
G(L) , (2.32)

withG(L) the conductance, ~ the Planck constant and e the elementary charge.
Figure 2.7 gives a simplified image of these energy scales. For δE < ∆E, there
is no overlap of the eigenstates and thus no transport is possible. In the case
of δE > ∆E, transport is possible and the conductance is g ∝ Ld−2, which is
Ohm’s law. Here d it the dimension of the system.

The role of the dimension becomes even more clear if one plots β(g(L)) = d ln g
d lnL

over ln g, as shown in Fig. 2.8. For d < 3 the property β is always negative,
meaning that for increasing system size L the conductance decrease, which
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Figure 2.7: Simple schematic of the energy scales of the scaling theory ansatz. The mean
energy level spacing of the transport modes ∆E and the mean of the fluctua-
tions of the energy levels δE are shown for different eigenstates Ei.

is recovered in Ohm’s law. In this case, the system always localize for large
enough system size. Only in the three-dimensional case there is a transition
from positive to negative values at a critical dimensionless conductance gc.
So in the positive regime the conductance increases with system size L as
predicted by classical transport for 3D.

This behavior implies that in 3D, even for infinite systems, there is a transi-
tion from diffusion to localization possible by changing the disorder parameter
of the system, in contrast to lower dimensional systems.

Another explanation for the fact that only 3D systems can show a real
transition even for infinite systems is, that the fractal dimension of a random

Figure 2.8: Plot of the β function against the logarithm of the dimensionless conductance
ln g to visualize the main features of the scaling theory for different dimen-
sions d. Figure taken from [31].
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walk is 2. This means that for systems with d ≤ 2 the scattered particles will
always return to their origin at some point. Thus 1D and 2D infinite systems
will always show localization for large enough system size.

2.2.4 Experiments on Anderson localization of light

In this section, two experiments on Anderson localization of light performed
with 3D samples are introduced. These experiments and the connected obser-
vations are a direct motivation for the experiments performed in this thesis.
Störzer et al. [2,11] measured signs of Anderson localization of light with time
of flight measurements through disordered, highly scattering powders of Tita-
nium dioxide (TiO2). Sperling et al. [3,17] used the same powders to measure
the transition of Anderson localization of light in 3D with a different observa-
tion method, measuring the time dependent transmission profile width of the
transmitted light from an incoming laser pulse.

Time of flight experiments

The transmission of a delta peak shaped pulse through a slab of a multiple
scattering sample in the diffusive regime was discussed in Sec. 2.1.2. The time
dependent transmitted intensity I(t) for a slab geometry was given in Eq. (2.20)
for the diffusive regime. Berkovits and Kaveh [32] calculated this property for
a slab in the localizing regime using the rescaled diffusion coefficient D(t):

I(t) = −2
l∗

L

(nπ
L

)2

exp

(
− t

τa

) ∞∑
n=1

(−1)n+1

(
D(t)

D0

)2

exp

(
−n

2π2D(t)

L2
t

)
.

(2.33)

Störzer et al. [2] observed deviations from the diffusive behavior for the long
time tail of the time dependent transmitted intensity. They decreased the
disorder parameter kl∗ (using different TiO2 powders) from kl∗ = 6.3, where
they observed purely diffusive behavior, to kl∗ = 2.5, where clear deviations
from diffusion was visible. These deviations were explained with Eq. (2.33)
using an empiric time dependent diffusion coefficient [33]

D(t) = D0
τaloc

(τmloc + tm)
a
m

. (2.34)

Here τloc is the localization time (the time the photons travel before localization
effects set in) a is the localization exponent, and m is a crossover exponent
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that describes the fastness of the crossover from diffusion to localization. In
this method, a careful data analysis was done to make sure that the deviations
from diffusion are not confused with effects of absorption.

Transmission profile measurements

Illuminating a multiple scattering sample with a focused laser beam and mea-
suring the spread of the photon cloud transmitted trough the sample, should
reveal the signatures of Anderson localization as predicted by Cherroret et
al. [34]. For a purely diffusive sample, the mean squared width σ of the photon
cloud shows a linear growth in time and space [35]:

σ2(t) =

∫
ρT (ρ, t)d2ρ∫
T (ρ, t)d2

= 4D0

[
1− 1

(kl∗)2

]
t . (2.35)

Here T (ρ, t) is the transmission and ρ the photon density. The effect of ab-
sorption enters the numerator as well as the denominator as an exponential
cutoff exp(−t/τa), such that it cancels out. This makes this method an absorp-
tion independent measurement.1 For a localizing sample, it is expected that
the mean squared width becomes constant for long times where the diffusion
comes to a halt (σ2(t) = const.). Indeed, Sperling et al. [3] observed a plateau
for long times for localizing samples recovering the results from M. Störzer [2]
with an absorption independent measurement.

2.3 Magneto-optical Faraday effect

2.3.1 How the Faraday effect may influence Anderson
localization

With the experiments mentioned in the latter section, the transition to Ander-
son localization of light in three-dimensional multiple-scattering samples was
measured. As motivated earlier, the origin of this observation is expected to
be the constructive interference on time reversed paths. Lenke and Maret used
the magneto-optical Faraday effect to destroy coherent backscattering cones in
magnetic fields [5]. The Faraday effect, which will be explained in more detail
in the following sections, rotates the plane of polarization and thus changes the
phase of the photons, depending on their way through the sample in respect to

1Note that absorption independent means that σ2(t) is not depending on absorption, but
absorption still lowers the signal.
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the magnetic field. Counter propagating photons will therefore collect different
phases on their way through the sample. Thus, measuring the destruction of
the cones by a magnetic field, proves the origin of weak localization to be the
constructive interference on time reversed path. Doing the same with strong
localization would be a proof of the same origin for Anderson localization of
light. Moreover controlling the transition from diffusion to localization by a
magnetic field using the magneto-optical Faraday effect would be an experi-
ment that has not been done before to our knowledge. A requirement for this
measurement is a sample that fulfill the following properties:

• Multiple scattering samples are needed, which show a high degree of
disorder, meaning kl∗ ≤ 4.5 [3], to be able to observe clear signs of
localization in the absence of magnetic fields.

• The samples must show a strong magneto-optical Faraday effect, to de-
stroy the time reversal symmetry in these samples, which should lead to
a destruction of the signs of localization.

Finding such samples and characterizing them regarding their magneto-optical
Faraday rotation was the main goal of this thesis.

2.3.2 Faraday effect in homogeneous media

Magneto-optical Faraday rotation refers to the effect that linear polarized light
rotates its plane of polarization when it propagates through a homogeneous,
dielectric medium, in which a magnetic field is applied parallel to the prop-
agation direction of the light. This effect was discovered by M. Faraday in
1845 [36]. Its basic behavior is sketched in Fig. 2.9(a).

The rotation angle θ of the plane of polarization is linear proportional to
the length L of the material, the projection of the magnetic field B on the
wave vector k of the light (B · k

|k| , geometry sketched in 2.9(b)) and the Verdet
constant V , a material constant:

θ(B) = V BL cos(φ). (2.36)

A simple explanation can be given by separating the linear polarized light in
two circular polarized beams (left and right circular polarization). The two cir-
cular polarized waves E± (with + positive and − negative helicity) propagate
with a different speed of light (c/n±) through the medium. This difference is
caused by the magnetic field induced difference in the real part of the refrac-
tive indices of the left n− and the right n+ circular polarized light. Overlapping
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(a) (b)

Figure 2.9: Schematic of (a) the magneto optical Faraday effect and (b) visualization of
the angular dependency between the magnetic field B and the wave vector of
the light k.

these two polarization after having propagated a certain length L leads to a
phase shift θ of the linear polarized light:

θ =
ω

2c
(n−(ω)− n+(ω))L . (2.37)

The induced phase shift from Eq. (2.37) equals the rotation angle of the Fara-
day effect in Eq. (2.36).

More precisely the origin of the Faraday effect is the Zeeman splitting of the
atomic energy levels in an external magnetic field. This was described in [37]
by H. Becquerel. In a dielectric material, the oscillation of the atomic elec-
trons, caused by the external electric alternating field from the incoming light,
can be separated by using three spare electrons. The oscillation parallel to the
magnetic field “feels” no influence of the magnetic field. The oscillation ver-
tical to the field can be separated in two opposite circular oscillations. These
two circular atomic ring currents “feel” the Lorentz force of the magnetic field
and thus get positive or negative accelerated depending on their direction of
rotation. In other words the magnetic field induces an additional atomic ring
current vertical to the magnetic field lines, that overlaps with the movement
of the charged spare electrons. These spare electrons emit circular polarized
light which is frequency shifted by ±∆ωZeeman = µBB/~, with the Bohr mag-
neton µB = e~/2m. Thus, the resonant frequencies of the spare electrons are
ω± = ω0 ± ωL, with ω0 the resonance frequency of the system without mag-
netic field and ωL = eB

2m
the Lamor frequency. The rotation angle θ can be
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expressed for small ωL as:

θ =
ωL
c
Lω

dn

dω
=

e

2mc
ω
dn

dω
BL . (2.38)

In this formula the linear relation of the Verdet constant to the dispersion
relation of the medium dn/dω is shown:

V =
e

2mc
ω
dn

dω
. (2.39)

Theoretical models of the Faraday rotation

A complete theoretical description of the magneto-optical Faraday rotation
can be found for example in ref. [38], where P.R. Berman used three calcula-
tions to derive the Faraday rotational angle. The first description uses classi-
cal oscillators and the Lorentz force equation, while he furthermore presents
two quantum mechanical approaches, one using quantum oscillators and the
Heisenberg equation of motion, and the other using quantum oscillators but
starting with a Schrödinger approach.

Classical approach In the classical description the equation of motion of a
particle with mass m and charge e in a harmonic potential in the presence of
a static magnetic field B and an electric alternating field E with frequency ω
is:

d2r

dt2
+ ξ

dr

dt
+ ω2

0r =
e

m
E +

e

m

dr

dt
×B , (2.40)

with ξ the damping constant of the system and ω0 its resonant frequency.
From this, one can calculate the response r of the system to the applied fields
and furthermore the polarization P of the system, that is connected to the
electric field E via the relative permittivity ε. Using P = ε0(ε − 1)E, with ε0
the vacuum permittivity, the indices of refraction n± =

√
ε± for the left and

the right circular polarized light can be calculated. The difference of the real
parts of the indices of refraction is given by [38]:

n− − n+ =
Ne3

nm2ε0

ω

(ω2
0 − ω2)2

B , (2.41)

where N is the oscillator density and n real part of the refractive index of the
medium in the absence of the magnetic field. Matching Equation (2.37) and
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Equation (2.41)

θ = V BL =
ω

2c
(n− − n+)L (2.42)

=
ω2Ne3

2nm2ε0

1

(ω2
0 − ω2)2

BL , (2.43)

leads to an expression of the Verdet constant valid for one dominating reso-
nance ω0 in the dispersion of the material. Its frequency dependency is

V ∝ ω2

(ω2
0 − ω2)2

. (2.44)

For a wavelength of the incoming light near a resonance we thus expect a
higher Faraday rotation angle.

Quantum mechanical description A more general approach is given by the
quantum mechanical description. For special cases, this description recovers
the classical approach of Becquerel as done in ref. [38]. The quantum mechan-
ical model starts from quantum oscillators with discrete energy levels with
quantum numbers n, l , m, s and j. The Hamiltonian of the magneto-optical
active atoms can be expressed in the form H = H0 + HB + Ht, where H0 is
the Hamiltonian in the absence of any external fields, HB is the Hamiltonian,
that expresses the perturbation through the magnetic field, and Ht the pertur-
bation of the alternating electromagnetic field of the light. After finding the
eigenfunctions of the atoms under the influence of the magnetic field, one can
use perturbation theory to find the wave functions of Ht. From this, one can
calculate the expectation values of the electric and magnetic dipole operators
for left and right circular polarized waves. This gives all possible optical tran-
sitions and the rotation angle of the plane of polarization can be obtained.
Rosenfeld [39], Kramers [40] and Serber [41] found more general quantum me-
chanical descriptions for the Faraday rotation. The latter discusses a Verdet
constant of the magneto-optical Faraday rotation for incident light far away
from resonance in the form:

V = ω2
∑
f,g

A(f, g)

(ω2
f,g − ω2)2

+
B(f, g)

ω2
f,g − ω2

+
C(f, g)

T (ω2
f,g − ω2)

. (2.45)

Here f is the final and g the quantum ground state, and the overall Verdet
constant is the sum over all these transitions. The first term A expresses a
diamagnetic Verdet constant that is usually small, positive and temperature
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independent. In contrast to that, paramagnetic materials consider all terms.
They consist of a weak positive diamagnetic contribution and stronger neg-
ative paramagnetic ones. The temperature dependency of the paramagnetic
contribution is expressed in the term C, while the wavelength dependency can
be found in both terms B and C. For a typical paramagnetic material with one
dominant transition at a wavelength λ0, and an incident wavelength λ far away
from resonance the Verdet constant shows the following proportionalities [42]:

Vpara ∝
1

T

1

λ2
0 − λ2

. (2.46)

At very low temperatures this expression is not valid anymore and the depen-
dency of the rotation angle is the following [40,42]:

θ(B) ∝ tanh(const · B

kBT
) . (2.47)

Note the saturation of the Faraday rotation for low temperatures and high
magnetic fields. In the experiments, paramagnetic materials are used for the
Faraday rotation to take advantage of the scaling of the Verdet constant with
1/T .

The magneto-optical Faraday effect found its origin in the difference of the
real part of the refractive indices for left and right circular polarized waves.
This effect is called magnetic circular birefringence. In general the refractive
index is a complex number nc = n+ iκ. Here the imaginary part κ determines
the absorption of a material. If the absorption of a material is strong and
frequency dependent in the relevant frequency regime, the same effect can be
calculated for the imaginary parts of the indices of refraction. This leads to the
so called magnetic circular dichroism. Here, the incoming linear polarized light
becomes elliptic polarized by passing through a magneto-optical material. For
transparent materials with weak absorption, this effect is negligible.

Before explaining the magneto-optical Faraday effect in multiple scatter-
ing media, the relevance of this effect for our experiments should be outlined.
Optical active materials (e.g. sucrose) also show a rotation of the plane of po-
larization if linear polarized light propagates through them. Here the molecule
structure leads to this effect. By inverting the direction of propagation, the
linear polarized light rotates back to its starting angle. This is different for
magneto-optical materials. The magnetic field specifies one direction in the
material. Changing the direction of propagation k of the light changes the ro-
tation direction in the coordinate system of the light, because the change of
k is connected to a helicity change of the light. This means that the rotation
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direction stays the same in the laboratory coordinate system. After passing
again through the medium in the different direction, the overall rotation is
2θ while in the case of optical active materials this would be zero. A common
technical application of this effect is the Faraday isolator, where a light beam is
linear polarized by a polarizer and than propagates through a magneto-optical
material, where it gets rotated by 45◦ and than gets reflected by a mirror
to propagate through the same setup in the different direction. There it gets
further rotated by 45◦ degree, such that overall it gets blocked by the polarizer.

The consequence of this property of the magneto-optical Faraday rotation
is that it leads to the destruction of the time-reversal symmetry in a material,
meaning that two light waves propagating the same path in the opposite di-
rection in a magneto-optical material do not necessary collect the same phase.

2.3.3 Faraday effect in multiple scattering media

In Section 2.1, multiple light scattering of light was introduced, and in the
latter section, the Faraday effect in homogeneous, transparent media was dis-
cussed. In this part, those two concepts are matched to explain how light
transport in a multiple-scattering, magneto-optical medium under the influ-
ence of a magnetic field behaves. Erbacher et al. [6,19] derived a simple model
of the magneto-optical Faraday effect in multiple-scattering media in the dif-
fusive regime (L� l∗). In this regime, the random walk model of Sec. 2.1.2
applies.

Similar to the diffusion process of the light, where the information of the
origin of the light is lost after a length l∗, the memory of Faraday rotation
is restricted to a correlation length of l∗FR. F. Erbacher [19] states the corre-
lation length of the Faraday rotation to be the same as the transport mean
free path (l∗ ≈ l∗FR). This would imply, that the scattering destroys the polar-
isation information in the same way it influences the direction information of
the light. Lenke et al. [43] measured with coherent backscattering experiments
that l∗FR = l∗ is not always valid. In fact, they showed a scatterer size depen-
dency, where the ratio l∗FR/l

∗ decreases from 2 for Rayleigh scatterers to 1 with
increasing scatterer size. Erbacher et al. [6] observed an enhanced magneto-
optical Faraday rotation in multiple scattering media. This enhancement can
be understood as an effective higher l∗ for the Faraday rotation, which was
introduced by Lenke et al. [44] as l∗FR . The enhancement factor observed by
F. Erbacher [19] EV ≈ 2 is in agreement with the predicted ratios of l∗FR/l

∗.
Anyways l∗ and l∗FR are in the same order of magnitude, such that the

assumption l∗ ≈ l∗FR still leads to a correct physical description of the Faraday
effect in multiple-scattering media. For a path s, where the path length is
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smaller than the scattering mean free path (|s| < ls), the Faraday rotation
follows Eq. (2.36): θ = VBs. For a much longer path length, the Faraday
rotation on each path is correlated over the length l∗. Calling the first step of a
certain path l1, the contribution of this path to the overall Faraday rotation is
given by the projection of a vector with length l∗ in direction l1 on the magnetic
field B. So each scattering path s can be separated in statistical independent
parts l∗, that contribute to the mean Faraday rotation of this path by

θ = V Bl∗ cos(φ) , (2.48)

where φ is the angle between l1 and B. Since l1 can be arbitrary oriented
with respect to B (φ is a random variable) the mean rotation angle is zero
(〈θ〉φ = 0). Here 〈·〉φ is the average over the solid angle 4π. In contrast to that,
the mean squared phase shift is different from zero:

〈θ2〉φ = (V Bl∗)2〈cos2(φ)〉φ . (2.49)

In this description it was assumed that l1 lies arbitrary with respect to B.
This is valid for a three-dimensional, infinite medium. For a transmission ex-
periment, this was shown to be also correct if the correlation length of the
polarization lp is much larger than the transport mean free path l∗. lp can be
seen as a cutoff length for the correlation length of the Faraday rotation l∗FR,
since the change of the polarization can not be further correlated than the
polarization itself. So, for lp � l∗ ≈ l∗FR the Faraday effect in a transmission
slab behaves as in an infinite medium.

The strength of the Faraday effect in a multiple scattering media can be char-
acterized via measuring the Verdet constant. The intensity cross-correlation
function is a direct measure of this material constant in transmission experi-
ments as outlined in the following sections.

2.3.4 Correlation functions

When illuminating a multiple scattering sample with laser light, the radiation
coming from the sample surface interfere and form a speckle pattern. A change
of the speckle pattern is connected with a phase change of the photons on their
paths through the sample. Beside a movement of the scatterers, the magneto-
optical Faraday rotation can cause such a phase change. The strength of the
Faraday effect can be characterized by measuring how fast the speckle pattern
changes with the magnetic field B via measuring the intensity cross-correlation
function g2(B)− 1. In our experiments this is done by multiplying two images
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at different field strengths B, and normalizing this product.
The description of the correlation function, as given in this section, can be

found in more detail in ref. [19]. In general the field cross-correlation function
is defined as follows:

g1(B) =
〈E(0)E∗(B)〉
〈E(0)〉2

. (2.50)

Here 〈·〉 stands for the average over all speckle. E(B) is the sum over all partial
waves En, which come from the n-th path through the sample:

E(B) =
∑
n

En(B) =
∑
n

E0
n exp(−iΦn(B)) , (2.51)

with Φn(B) the field dependent photon’s phase collected on the n-th path. In
an experiment, the intensity I(B) = E(B)E∗(B) is the accessible property,
such that one normally measures the intensity cross-correlation function:

g2(B) =
〈I(0)I(B)〉
〈I(0)〉2

. (2.52)

If the diffusion approximation is valid, the paths through the sample are sta-
tistically independent. Thus Equation (2.50) can be simplified since all cross
terms Ek(0)E∗l (B) with k 6= l drop out. In this case, the Siegert relation
g2(B) − 1 = g2

1(B) connects the intensity cross-correlation function g2(B) to
the field cross-correlation function g1(B), which states now:

g1(B) = 〈exp(i∆Φ(B))〉 . (2.53)

Here ∆Φ(B) = Φ(B) − Φ(0) is the field dependent phase difference. For
Gaussian distributed phase differences 〈∆Φ〉, Eq. (2.53) can be further simpli-
fied [45]:

g1(B) = 〈exp(−∆Φ2(B))〉 . (2.54)

Moreover the independence of the photon paths allows to calculate g1(B, s)
for every path with a specific path length s separately. The overall correlation
is then obtained by summing over all paths and weighting them with the path-
length distribution function P (s):

g1(B) =

∫ ∞
0

g1(B, s)P (s)ds (2.55)
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Here, the sum was replaced by an integral since the number of different path
lengths N with s = Nl∗ is a high number in the strong multiple scattering
regime.

Assuming that the phase change ∆Φ on every step l∗ is independent means
that the correlation length of the Faraday rotation l∗FR is the same as the
transport mean free path of the photon transport l∗. In this limit, g1(B, s) can
be expressed as s/l∗ individual terms:

g1(B, s) = 〈g1(B, l∗)〉s/l∗ = 〈exp(−∆Φ2(B))〉s/l∗ . (2.56)

If the mean phase change 〈∆Φ(B)〉 per step l∗ is much smaller than π, a
cumulant expansion can be done and Eq. (2.56) further simplifies:

〈exp(−∆Φ2(B))〉s/l∗ ≈
(
exp(−〈∆Φ2(B)〉)

)s/l∗
. (2.57)

Now the field cross-correlation function can be calculated as follows:

g1(B) =

∫ ∞
0

exp(−〈∆Φ2(B)〉 s
l∗

)P (s)ds (2.58)

Using the path length distribution function P (s) for a slab in the diffusive
regime including absorption (Equation (2.22)), the field cross-correlation func-
tion states:

g1(B) =
sinh

(
γ
√

3〈∆Φ2(B)〉+ (l∗/La)2
)

sinh
(
L
La

)
sinh

(
L
l∗

√
3〈∆Φ2(B)〉+ (l∗/La)2

)
sinh

(
γ l∗

La

) . (2.59)

Here, γ is a boundary condition factor introduced in Sec. 2.1.2. Knowing the
mean squared phase change 〈∆Φ2〉 induced by the magneto-optical Faraday
rotation gives directly an expression for the intensity cross-correlation function
of the Faraday rotation. This can be obtained by starting to calculate the field
cross-correlation function for a linear polarized light wave E traveling on one
statistical independent step l∗

g1(B, l∗) =
〈E(B = 0, l∗)E∗(B, l∗)〉
〈E(B = 0, l∗)〉2

. (2.60)

The linear polarized light wave E can be separated in two circular waves E±
which are proportional to the phase factors exp(±iθ). Going through the cal-
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culations leads to a contribution of the step l∗ to the overall correlation by [19]:

g1(B, l∗) = 〈cos(θ)〉 = 〈cos(V Bl∗ cos(φ))〉 . (2.61)

Since on a length scale l∗ the Faraday rotation acts as in a homogeneous
medium, this result equals the decorrelation of the normal Faraday effect for a
sample of length L: g2(B)−1 = g2

1(B) = cos2(V BL). For small rotation angles
along each step l∗ (V Bl∗ � π/2), Eq. (2.61) can be further simplified to

g1(B, l∗) =

∫ π

0

cos(V Bl∗ cos(φ)) sin(φ)dφ =
sin(V Bl∗)

V Bl∗
(2.62)

≈ 1− (V Bl∗)2

6
≈ exp(−(V Bl∗)2

6
) . (2.63)

From this, the mean squared phase change per step l∗ can be deduced as

〈∆Φ2〉 = (V Bl∗)2

6
and put in Eq. (2.59) to obtain the field cross-correlation

function for a slab in transmission including absorption:

g1(B) =
√
g2(B)− 1 =

sinh

(
γl∗
√

(V B)2

2
+ (1/La)2

)
sinh

(
L
La

)
sinh

(
L
√

(V B)2

2
+ (1/La)2

)
sinh

(
γ l∗

La

) . (2.64)

In this formula the two addends under the squared root (V B)2

2
+ 1

L2
a

show
the competition between the magnetic cutoff length and the absorption cutoff
length, while the bigger addend dominates Eq. (2.64).

Figure 2.10 shows the functional behavior of the intensity cross-correlation
function g2(B)−1 = g2

1(B) calculated from Eq. (2.64): It starts at 1 for B = 0
and shows a Gaussian behavior for small fields. For larger fields it goes over
to an exponential decay and goes down to zero for very large fields. Typical
experimental parameters used in Figure 2.10 are the following:

• The boundary condition constant γ = 5/3.

• The length of the sample L = 2 mm.

• The macroscopic absorption length La = 500 µm.

• The transport mean free path l∗ = 2 µm.

• The magnetic field B. In the experiment this varied between B = 0 T to
B = 7 T.

• The Verdet constant V = −400 rad/Tm.
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Figure 2.10: Plot of the theoretical intensity cross-correlation function g2(B)− 1 = g2
1(B)

calculated from Eq. (2.64) for typical experimental parameters:
V = −400 rad/Tm, L = 2 mm, La = 500 µm, l∗ = 2 µm and γ = 5/3.

The latter material constant V , and thus, the strength of the Faraday effect,
can be extracted from a measurement of the intensity cross-correlation function
in transmission for a slab, if all other parameters are known.

With these theories discussed here, the goal is to characterize multiple light
scattering samples regarding their Faraday rotation and scattering properties,
to find samples that might be used in future experiments, in which the goal
is the destruction of the signs of Anderson localization in magnetic fields via
breaking the time-reversal symmetry with the magneto-optical Faraday effect.
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Chapter 3

Samples and Setup

An important condition for the experiments proposed in Sec. 2.3.1 is the choice
of the correct materials. Thus, the different materials used in the experiments
are discussed first. Afterwards, the speckle interferometer setup is introduced
and its components (laser, cryostat, magnet) are explained. At the end of
this chapter, two more setups that were used to optically characterize the
samples properties are discussed. With the time of flight setup the diffusion
coefficient and the absorption time of the samples were measured and the
coherent backscattering setup was used to obtain the transport mean free
path.

3.1 Samples

To observe the phenomenon of Anderson localization, multiple scattering in
highly disordered (low kl∗) samples is required. Therefore, we used samples
consisting of powders of strongly scattering materials. To achieve a strong
scattering ability in optics, the difference in the refractive index of the scat-
terers to the surrounding medium must be high, resulting in a large scattering
cross section. As described in the theory chapter, the scatterer size should be
in the same regime as the wavelength of the light (Mie scattering) to reach effi-
cient scattering. Moreover, l∗ lowers with an increasing scatterer density, such
that the powders are pressed in the sample holders to achieve high volume
fractions (≈ 50%). The absorption of the scattering material should be low in
the frequency regime of our laser systems to avoid a cutoff of long photon paths
in the samples by absorption and to ensure the transmission is above the noise
level of the measuring device. The transport regime of Anderson localization
was measured in various experiments in our group [3, 11, 17] using titanium
dioxide (TiO2) powders surrounded by air.1 The high refractive index of TiO2

1Three powders in the rutile phase from DuPont (R700, R104 and R902) showed signs of
localization.
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combined with its low absorption in the visible region and its commercially
availability makes it an ideal material for our scattering experiments.

Beside using samples with such scattering properties, the goal was to find
samples that show a high magneto-optical Faraday rotation to destroy the
constructive interference on time reversed paths. Since titanium dioxide is a
diamagnetic material with a low Verdet constant, its Faraday rotation is too
low to destroy time reversal symmetry in the available range of accessible mag-
netic fields. Thus the idea was to add a paramagnetic material with a highly
temperature dependent Verdet constant. At low temperatures these materi-
als show a very high Faraday rotation (see Sec. 2.3.2). Compared to titanium
dioxide these materials show a higher absorption and have a lower refractive
index. Hence, the localization regime cannot be reached with these materials
only. Using a mixture of a highly scattering powder and a strong Faraday ro-
tating powder to create a sample that fulfills the needed properties was the
idea of this project. It is difficult to predict the change of the scattering and
the Faraday rotation properties of such a disordered material mix compared
to the pure powders, such that the aim of the experiments was to character-
ize different ratios of titanium dioxide and cerium fluoride (CeF3), a strongly
paramagnetic material, regarding their transport and Faraday rotation prop-
erties.

3.1.1 Titanium dioxide

Although there are some other materials with higher refractive index than tita-
nium dioxide (e.g. Wiersma et al. [46] used GaAs with n = 3.48 at λ = 1064 nm)
non of these materials have such a high band gap Ebg = 3.05 eV as titanium
dioxide [17]. This corresponds to a wavelength of λ ≈ 400 nm, meaning that
the absorption is very low in the visible region where our laser systems operate.

Titanium dioxide exists in nature in three different phases (anatase, brookite,
rutile). Anatase has a refractive index of n ≈ 2.5 at λ = 590 nm and a density
of ρ = 3.89 g/cm3 [17]. It changes irreversibly to the rutile phase when heating
it fast above 700 ◦C. Rutile has a density of ρ = 4.26 g/cm3 and a refractive
index of n ≈ 2.7 at λ = 590 nm [47]. In the experiments we mainly used R700,
a powder in the rutile phase of TiO2 provided by DuPont. Its mean particle
diameter is d = 245 nm with a polydispersity of 45% [17]. The main reason
to use this powder was that it shows strong signs of localization due to its
low value of kl∗ ≈ 2.8 [17]. TiO2 is a diamagnetic material with a bulk Verdet
constant of Vbulk = 100 rad/Tm [42]. A scanning electron microscope image of
R700 is presented in Fig. 3.1.
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Figure 3.1: Picture of a titanium dioxide powder (R700) taken with a scanning electron
microscope. The average particle diameter of this powder is d = 245 nm with
a polydispersity of 45% [17].

3.1.2 Cerium fluoride

A powder of cerium fluoride from Sigma Aldrich was chosen as a strong
magneto-optical material. Cerium fluoride is a rare earth trifluoride that shows
low absorption in the entire visible region. Its refractive index is n ≈ 1.6 at
λ = 590 nm, and its density is ρ = 6.16 g/cm3 [48].

Cerium fluoride is a paramagnetic material with a high negative Verdet con-
stant of V = −1100 rad/Tm at λ = 457 nm and T = 77 K [48]. This large
material constant is caused by the electronic transitions between the electron
configurations 4f and 5d of the trivalent rare earth ions (Ce3+) [49]. The Verdet
constant is wavelength dependent V ∝ 1

λ2−λ20
with λ0 = 300 nm [48]. As de-

scribed in the theory the Verdet constant of paramagnetic materials scale with
1/T . Thus at liquid helium temperature and a laser wavelength of λ = 532 nm,
a Verdet constant of V (4 K, 532 nm) ≈ −13000 rad/Tm is expected. Com-
pared to other paramagnetic materials with high Verdet constants (e.g. EuF2)
its higher refractive index and its low absorption make cerium fluoride best
suitable for our experiments.

A SEM image of our CeF3 powder is shown in Fig. 3.2. The particle di-
ameter varies strongly between 0.2 µm - 5 µm with an average diameter of
d ≈ 2 µm [42]. Furthermore, we see that the particles stick together.2 Thus, in
the sample preparation process, the particles of TiO2 and CeF3 were solved in
acetone to obtain a more homogeneous mixture. We waited until all acetone

2Note that the particles are “potato”-like shaped, meaning that they have no spherical or
well defined appearance.
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Figure 3.2: SEM picture of the pure cerium fluoride powder used in the experiments. The
particles diameter varies strongly between d = 0.2− 5 µm.

evaporated before filling the powder mixture in the sample holder.

3.1.3 TiO2+CeF3 powder mixtures

Since the final sample consisted of a mix of TiO2 and CeF3, a picture of such a
mixture was taken with a SEM to check the homogeneity of the mixing and get
an image of the particle size ratios. Figure 3.3(a) shows a powder of a mixture
with 10%3 CeF3 and 90% TiO2.

Some bigger particles of CeF3 can be seen surrounded by smaller TiO2 par-
ticles. From this picture it can already be concluded, that the light might
shorten its path through the sample by passing through the bigger particles.
This is connected to an increase of kl∗ when CeF3 powder is added to TiO2

powder.
Moreover one can imaging a process sketched in 3.3(b). The light can un-

dergo internal reflections in the particles. This would lead to effective longer
path lengths in the magneto-optical particles and thus an enhanced Faraday
rotation4 than expected from the calculation of the Verdet constant Vvol by
using the volume fractions ρ and the bulk constants Vbulk only.

Vvol = ρCeF3VCeF3,bulk + ρTiO2VTiO2,bulk (3.1)

Such an enhancement due to internal reflections was measured by F. Er-
bacher [19] and explained by Lenke et. al [43] by introducing a magneto-optical

3mass percent
4Note that only the component of k‖B contributes to the Faraday rotation in the particles.
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(a) TiO2+CeF3 (b) internal reflections

Figure 3.3: (a) SEM picture of a 90% TiO2 + 10% CeF3 powder. The larger potato-
like shaped particle of CeF3 is surrounded by many smaller TiO2 particles.
(b) Sketch of the internal reflection process that might take place in the larger
particles and might lead to an enhanced Faraday rotation.

correlation length l∗FR differing from the transport mean free path as outlined
in Sec. 2.3.3. This behavior, which is difficult to predict for a complex disor-
dered system, was a further motivation to do measurements of the Faraday
rotation on the powder mixtures to learn more about the photon transport in
these samples.

3.2 Speckle interferometer

The speckle interferometer used for the transmission experiments is introduced
in this section. With this setup we characterized the samples regarding their
magneto-optical Faraday effect. Therefore, we measured transmission speckle
at different field strengths, and correlated them to obtain the Verdet con-
stant from the decorrelation of the intensity cross-correlation function (see
Sec. 2.3.4).

The constructed setup is shown schematically in Fig. 3.4. We used a com-
mercially available laser from Coherent (Verdi V2). It is a diode pumped, solid
state laser. The active medium of this laser is a neodymium doped yttrium
vanadate crystal (Nd:YVO4). Its laser emission is frequency doubled to oper-
ate at a wavelength of λ = 532 nm in a continuous wave laser output mode.
The output power can be tuned between P = 0.01 W and P = 2.2 W. In the
experiments the power was chosen to be as low as possible to minimize the
heating of the sample, with the condition of having enough transmitted light
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Figure 3.4: Speckle interferometer setup: To measure the transmission speckle of a multiple
scattering sample, a Nd:YVO4 laser was used to illuminate a powder sample,
which was placed in an optical flow cryostat to cool the samples to low tem-
peratures (T < 10 K). The cryostat was fixed in a superconducting magnet
which was able to generate a magnetic fields up to 7 Tesla. The transmitted
light was measured with a CCD-camera after passing a linear polarizer.

to be well above the noise level of the camera. Typical values ranged between
0.1 W and 0.5 W. The coherence length of the laser is in the order of several
meters, such that it is well suitable for our experiments, in which the path
lengths are maximal in the order of magnitude of 1 meter. The laser light was
checked with a polarizer to be already linear polarized. The beam waist had a
diameter5 of 2.25 mm ±10%.

The setup was mounted on a non-magnetic optical table. The sample was
placed with its sampleholder in an optical flow cryostat to cool the samples with
liquid helium to temperatures T < 10 K. The cryostat system is explained in
more detail in the next section. The cryostat was hold in the horizontal bore of
a superconducting magnet, that created magnetic fields at the sample position
up to Bmax ≈ 7 T. As described in Sec. 2.2.1 the incoming linear polarized light
gets depolarized by the multiple scattering process. Then, every transmission
speckle has a random but well defined polarization which can be separated
in two linear polarized components. To account for one linear polarization
only, a polarizer stands in front of the measuring device, a CCD-camera. This
camera from Apogee (Alta U4000) has a CCD chip with an imaging area of
230 mm2 consisting of 2048 × 2048 pixel with a 16 bit resolution. Its chip
was thermoelectricially cooled down to T = −30 ◦C to lower the dark current
of the device. A typical image of the transmission speckle taken during an
experiment was shown in the theory in Fig. 2.4(a). The exposure time of the
camera could be varied between 0.001 s up to several hours. In the experiments
typical exposure times were texp = 20 s to texp = 60 s. The camera was placed
one meter away from the magnet to avoid influences of the magnetic field on
its electronics.

5Here the diameter is defined to the point, where the intensity drops down to 1/e2.
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3.3 Cryostat system and sampleholders

The optical cryostat used in this experiment was created for transmission ex-
periments in high magnetic fields. A similar model is described in more detail
in ref. [19].

Every movement of the scatterers or of the entire sample6 with respect to
the incoming laser beam changes the light paths through the sample, and
thus the speckle pattern. If the time scales of the decorrelation caused by
the particle and sample movement is smaller than the time scale on which
the decorrelation due to Faraday rotation is measured, it is not possible to
measure the latter effect quantitatively. Even if these time scales are in the
same order of magnitude, it is hard to distinguish these effects. Moreover the
measurement of the Faraday rotation is not reversible if the other effects are
present, meaning that with decreasing field the correlation does not return to
its starting value. Thus every instability of the sample or of the setup needs to
be avoided. The cryostat system can move due to thermal drifts and magnetic
forces. To avoid movements of the cryostat in the magnetic field, the cryostat
was created of non-magnetic materials. The outer part, that was fixed on the
table and in the bore of the magnet, was made of stainless steel. The inner tail
mainly consisted of a cooling chamber fixed to the high temperature part of
the cryostat via a fiberglass construction, which is non-magnetic too and has
a low thermal conductivity.

The cooling chamber was surrounded by a thermal shield made of brass.
This thermal shield was supported by a teflon ring against the outer part of
the cryostat to be mechanically stabilized. Teflon was chosen due to its very
low thermal conductivity [52], to avoid inducing too much heat transfer. The
cryostat system is sketched in Fig. 3.5(a), the cooling chamber in Fig. 3.5(b)
and a picture of the system is shown in Fig. 3.5(c).

The cooling chamber is also made of brass and is thermally isolated against
the outer cryostat part via an isolation vacuum that was usually pumped to
a pressure of p ≈ 10−6 mbar. The warm windows of the cryostat are made of
normal quartz glass. For the cold windows, c-axis oriented sapphire windows
were used.7 The c-axis orientation was chosen to make sure that the incoming
light stays linear polarized when passing the windows and is not influenced by
birefringence. The transmitted light does not necessarily impinge perpendic-
ular to the sapphire windows, so that this light is slightly influenced by the

6Note that a movement of the entire sample can leave the speckle pattern “unaffected” (e.g.
in case of small tilting) based on the memory effect [50,51].

7C-axis orientation means, that the crystal optical axis is perpendicular to the windows
surface.
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(a) (b) (c)

Figure 3.5: Sketch of (a) the cryostat system including the cooling chamber, a thermal
shield and the outer part of the cryostat. A profile of the cooling chamber is
sketched in (b). A picture of the cooling chamber is shown in (c).

birefringence. Due to the random polarization of each speckle and the selec-
tion of one polarization plane by a polarizer behind the windows, this does
not affect the experimental results. Furthermore the camera is placed 1-2 m
away from the sample, such that we only observe very small scattering an-
gles, in which the photons nearly pass the windows under an angle of 90◦.
Due to its high thermal conductivity, its fracture strength and the low ther-
mal contraction, sapphire is best suitable for low temperature windows [52].
The sapphire windows were fixed on the inner chamber with an indium seal.
Before each cooldown of the cryostat, the sampleholder chamber was vacuum
pumped too. After the cooldown, the chamber was filled with a small amount
of helium gas for a better thermal contact between the cooling chamber and
the sampleholder.

On the outer part of the cooling chamber, two temperature sensors (one
Cernox sensor from Lakeshore and one a carbon glass resistor) were mounted.
Together with a heater, the Cernox sensor was used to control the tempera-
ture of the system. The other sensor was used to read out the temperature
independently.

Figure 3.6 shows the temperature during an experiment over a time of two
hours. The temperature was controlled to T ≈ 9.00±0.05 K. This temperature
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Figure 3.6: Temperature measured during a transmission experiment for t = 2 h. The
temperature was controlled to 9.00± 0.05 K.

control was reached only when the gasflow was controlled precisely at the
transfer tube valve. A typical gasflow was about 3 litres/hour.

The sampleholder was a self-created construction. All materials had to be
non-magnetic. The outer part was made of aluminum while the inner stamp
was made of copper. Using aluminum only caused problems such that the
stamp got stucked in the outer part. We thus chose two different materials. A
sketch of the sampleholder is shown in Fig. 3.7(a) and a picture is shown in
Fig. 3.7(b).

(a) (b)

Figure 3.7: (a) Sketch of the sampleholder. A top view of the sampleholder is sketched in
the lower left. (b) Picture of the sampleholder (left: outer part; middle: cap;
right: inner stamp).
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The powder was filled in the cap of the sampleholder. Then the rest of the
sampleholder was screwed on the cap and the powder was pressed between the
two sapphire windows by screwing down the inner stamp of the sampleholder.
The thermal contraction ∆L/L of the windows is much smaller than that
of the aluminum holder [52]. Thus they were fixed to the copper stamp and
the aluminum cap only with vacuum grease to avoid breaking due to thermal
induced stress.

3.4 Magnet calibration

The magnet is a superconducting magnet consisting of a superconducting coil
in a bath cryostat system cooled to liquid helium temperature. The field can
be varied between B = 0 T to Bmax = 7 T by varying the current I through
the coil. Using a Hall probe the linear relation between the current and the
field was obtained as shown in Fig. 3.8:

B(I) = 0.145± 0.001
T

A
· I . (3.2)

The Hall probe was limited to fields up to 3 T, thus an extrapolation was done
to obtain information about the applied field by knowing the applied current.
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Figure 3.8: Calibration curve of the magnetic field in the magnet bore measured with a
Hall probe. Each data point was taken at a static field.
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3.5 Time of flight setup

The time of flight setup, used in the experimental section to obtain the diffu-
sion constant D, the absorption time τa of the samples, and accordingly the
absorption length La =

√
Dτa, is described in more detail in ref. [17]. A sketch

of the setup is shown in Fig. 3.9.
The laser system consists of a frequency doubled, diode pumped Nd:YVO4

cw-laser (Coherent Verdi V18) with an output of P = 18 W at λ = 532 nm
that pumps a titanium sapphire (Ti:Al2O3) laser (Coherent HP Mira). This
laser is mode locked to obtain output pulses with a pulse duration of ≈ 250 fs
at a central wavelength of 790 nm. The output cw-power is around 4 W. It
is coupled into an optical-parametric-oscillator that converts the wavelength
down two λ = 590 nm. The output power of this system is P ≈ 1 W at 590 nm.
The repetition rate that is determined by the HP Mira is 76 MHz (13.2 ns). To
be not limited in the measurement time by the repetition rate, a pulse picker is
used that picks every 15th pulse with a contrast of 500:1 via an acousto-optical
modulator. Then, the laser beam is focused on the sample surface.

To measure a time of flight curve, one measures at which time how many
photons leave the sample. Therefore, a photo-multiplier from Becker and Hickl
(HPM100-40) is placed directly behind the sample. Before a measurement of a
sample, a reference signal from the fs-laser system was measured. For the de-
tection card with a resolution of greater than 22 ps, the fs-pulses are delta-like
shaped. Thus, by measuring the fs-pulses only, the response function of the
detection system is measured. This is used in the analysis for deconvolution

Figure 3.9: Time of flight setup: A frequency doubled, diode pumped Nd:YVO4 cw-laser
pumps a pulsed titanium sapphire laser, whose output wavelength (normally
790 nm) is converted in an optical-parametric-oscillator to 590 nm. The pulses
(250 fs pulsewidth) are led on the sample surface and the transmitted light
is measured with a photodetector. For technical reasons a pulse-picker is used
to pick every 15th pulse via an acousto-optical-modulator. Replacing the pho-
todetector by a high-rate intensifier and a CCD allows to measure the 2D
transmission profiles instead of the time of flights.
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of the data. At the long time tail of the time of flight curve, the photon count
rate is very low. Therefore a good shielding from any light not coming from
the back of the sample is required to lower the noise level. This was espe-
cially challenging, when the sample was placed in the magnet. In this case the
photomultiplier needed to be mounted some meters away, to avoid that the
accelerated electrons in the detection device are influenced by the magnetic
field.

Replacing the photo-multiplier by a high rate intensifier and a CCD camera
allows to measure the 2D transmission profile as described by Sperling et al. [3].

3.6 Coherent backscattering setup

To measure the transport mean free path l∗ of the samples, a small angle
coherent backscattering setup was built as described in ref. [12]. A sketch of
the setup is shown in Fig. 3.10.

The same cw-laser as used for the speckle interferometer was taken as a light

Figure 3.10: Small angle setup to measure the coherent backscattering cone. The laser
beam is made parallel via a telescope and led on the sample’s surface passing
a beamsplitter. The reflected light passes the beamspiltter again and is imaged
on a CCD camera with a lens. Note that the distance from the sample to the
lens d must be smaller than the focal length of the lens f . In front of the
sample surface there is a circular polarizer, to filter single scattering. Figure
taken from [12] and modified.
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source (λ = 532 nm). The laser light was parallelized with a telescope before it
was led on the sample surface passing a beamsplitter and a circular polarizer.
The reflected light passes the beamsplitter again, before it gets imaged on a
CCD camera with a lens. The camera (same as used for the speckle interfer-
ometer) stands in the focal plane of a lens with focal length f .8 With this
setup all backscattered light from a certain scattering angle θ gets converged
on a circle in the focal plane with radius r = f · tan θ. The light beam that
passes the beamsplitter directly gets blocked by a beam dump, such that no
backreflection from this beam part disturbs the image. As described in Sec.
2.2.2, single scattered light lowers the enhancement of the backscattering cone.
Thus, the circular polarizer is placed in front of the sample to block the single
scattered light.

The angular resolution on the camera is given by the pixel (px) size of
7.4 µm and the used focal length of the lens (here f = 400 mm), resulting
in a resolution of 0.00106◦/px. Due to the limited chip size (and the limited
size of the beamsplitter and the lens) this setup is limited to small reflection
angles. This is sufficient for samples with a very narrow backscattering cone
(long l∗).9 To measure the whole coherent backscattering cone a wide angle
setup as described in ref. [11, 12,17] can be used.

In a coherent backscattering cone experiment, a static multiple scattering
sample forms a speckle pattern that overlaps with the cone. To average out this
pattern, a camera exposure of texp = 5 s was chosen and the sample was moved
manually during this time. The movement allows to illuminate different areas
on the sample, and leads to new photon paths so that the speckle averages out
on the backscattering cone. Furthermore in the analysis process an average
over several images was done and finally a radial average centered around the
cone tip was performed to do a 1D fit on the data.

8Note that the distance from the sample to the lens d must be smaller than the focal length
of the lens f .

9As we will see in the experimental section, the Faraday active powders were fixed in a matrix
of glycerol to stabilize them. Thus l∗ increases and the small angle setup is sufficient to
measure their l∗.
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Chapter 4

Performed Experiments

To obtain the Verdet constant of a multiple-scattering Faraday-active sample,
one has to calculate the intensity cross-correlation function from the measured
speckle. Thus the analysis process of the measured data is presented first. Any
change of the speckle, which does not originate from the Faraday rotation (FR),
disturbs this analysis. Therefore several experimental difficulties, e.g., the setup
and the sample stability, are discussed. After solving these stability problems
we were able to measure the Verdet constant of the Faraday active samples.
These data are presented with respect to their consequences for experiments
on Anderson localization.

4.1 Data analysis

An image section of a typical speckle pattern, obtained with the speckle in-
terferometric setup, described in Sec. 3.2, is shown in Fig. 4.1. The goal is to
measure the intensity cross-correlation function averaged over all pixel of the
measured image (see Sec. 2.3.4). Therefore we multiplied the relative intensity
value of each pixel ai(t0) − 〈ai(t0)〉 of an image at time t0 with the relative
intensity value of each pixel bi(t0 + t)− 〈bi(t0 + t)〉 of an image at time t0 + t
with t ≥ 0. The sum over all i pixel normalized by the standard deviations of
the both images σa,b leads to the intensity cross-correlation function:

g2(t)− 1 =

∑
i(ai(t0)− 〈ai(t0)〉)(bi(t0 + t)− 〈bi(t0 + t)〉)

N2σa(t0)σb(t0 + t)
. (4.1)

Knowing the field rate of the magnet1 (we usually used 0.23 T/min) allows to
obtain the intensity cross-correlation function of the magnetic field g2(B)−1. If
the speckle does not change, one expects the correlation C to be unity (C = 1).
For a changing speckle pattern the correlation is C < 1.

1The field rate is limited by a maximal rate at which the magnet quenches.
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Figure 4.1: Section of an image of 250 × 250 pixel showing a typical speckle pattern of
a TiO2 sample measured in the transmission experiments with the speckle
interferometer setup.

As a first test of the stability of the optical setup and to optimize the data
analysis, the sampleholder was left empty and a beamblocker was placed at
the camera position (compare to the setup in Fig. 3.4). Then the reflection
speckle was measured with a CCD. These speckle were correlated in time
and we observed a decay of the correlation (green curve in Fig. 4.2). The
speckle pattern stays constant for one image to the next, but one can see a
translation of it caused by, e.g., a movement from the camera, the beamblocker
or some optical elements such as mirrors. This leads to the observed decay of
the correlation.

We eliminate these static drifts in the analysis. Therefore we allowed for
shifts in the analysis too. This means that we correlated each image with the
other images allowed to be shifted about some maximal defined pixel number.
The result for the pairs was chosen as the maximal correlation value depending
on the shift. The correlation allowing for shifts is shown in Fig. 4.2 as the red
curve for a maximal allowed shift of 10 pixel. This leads to a much more stable
correlation C > 0.98 for a time of t = 2000 s. This analysis method is very slow,
because of the increased number of correlations that need to be calculated, but
can be improved by calculating the correlation in Fourier space. Performing a
Fast Fourier Transform (FFT) of the images before correlating them, accounts
for every possible shift of the speckle pattern. The result of the correlation in
Fourier space is shown as the blue points in Fig. 4.2. We see that this result
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Figure 4.2: Comparison of the different analysis methods used to calculate the correlation
function: correlation calculated with no shift (green), correlation allowing shifts
up to 10 pixels (red), correlation in Fourier space (blue). The presented data
shows the correlation of the reflection speckle of a beamblocker.

exactly fits with the result from the static shift method (red solid line). In
the following experiments all correlations are calculated in Fourier space if not
remarked differently.

For thick and dense samples, the transmitted light was close to the noise
level. In this case, parts of the speckle pattern with low intensities were under
the noise level. This led to an instantaneous decrease of the correlation function
to some constant value C < 1. To be able to use this data in the analysis of
the Faraday rotation, the images were smoothed with a Gaussian filter2 to
eliminate the changing noise signal in the image background. As long as the
speckle statistic is not changed by the Gaussian filter, this method simply
ensures the correlation to change between C = 1 for a perfectly correlated
speckle to C = 0 for an uncorrelated speckle.

4.2 Sample stability

With the analysis in Fourier space, a setup stability of C > 0.98 was achieved
for several thousand seconds. In the next step we measured the transmission
speckle at room temperature of a powder sample of TiO2 (R700) pressed in
the sampleholder (L ≈ 0.5 mm), and calculated its decorrelation over time.

2With a standard deviation for the Gaussian kernel σ = 2 pixel.
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Figure 4.3: Measurement of the relaxation process of a TiO2 sample at room temperature.
The correlation function of the transmission speckles is shown for different
relaxation times trel = 0 h to trel = 28 h. For comparison the setup stability is
shown too (blue curve).

This is shown in Fig. 4.3. Here we calculated the correlations between a picture
taken after a relaxation time3 trel and the following pictures. The pink curve
was measured directly after placing the sample in the setup (trel = 0 h), while
the red correlation was started after 28 hours. A clear relaxation process can
be observed over time. But even for the most stable correlation (red curve) the
decay is still fast compared to the stability of the setup (blue). The red curve
has a time constant of tmax ≈ 5000 s, which is the time after which C = 1/e.
Note that the relaxation process saturated after ≈ 48 hours.4 Even after having
waited for the sample to relax, we were not able to achieve a completely stable
correlation (C > 0.95) over a time of tfield ≈ 3600 s, which is the time that is
required for the magnet to drive up and down again in field. This stability is
a requirement for the experiments to be reversible.5

The reason for the sample instability is simple but not easy to solve. All
these measurements were carried out at room temperature (T ≈ 300 K), at

3trel is the time the sample was left in the setup under final conditions (e.g. illumination)
before a measurement was started.

4An example for this is shown in Fig. 4.7.
5Reversibility here means that the correlation (in the case of Faraday rotation) is expected
to return to its starting value when the magnetic field decreases again.
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which the thermal energy is much larger than the energy it takes to move
our particles with mass m ≈ 3.5 · 10−17 kg one diameter d ≈ 245 nm against
gravity:

kBT ≈ 4 · 10−21J� mgd ≈ 8 · 10−23J (4.2)

Here kB is the Boltzmann constant and g the gravitational constant. From
this it can be concluded that at room temperature, the particles move within
the sample and therefore the photon paths and the speckle pattern changes
irreversibly. Although the powders are pressed, there are always particles which
are not fixed by their neighbors and can change their position caused by the
thermal motion. Note that illuminating the sample with the laser even deposits
more energy in the powder and thus enhances the particle movements.

4.2.1 Methods to stabilize the samples

To ensure stable light paths during the experiments, one has to prevent move-
ments of the particles. Therefore we tested several methods:

Cooling: We cool down the samples since Faraday rotation of paramagnetic
materials is stronger at low temperatures. This also stabilizes the
sample, because at T ≈ 10 K the thermal energy is in the same order
of magnitude as the energy to move the particles against gravity
within their own diameter: kBT ≈ mgd. Although it improves the
stability, it is not enough to stabilize the whole sample, since the
speckle pattern is very sensitive to single particle motions. As we
will see magnetic forces can still change the particle positions.

Melting: Another idea was to glue the particles together at their surface, such
that they keep their structure (and thus their scattering properties)
but are restricted from any movements. Heating the powders close
to the surface melting point of TiO2 might allow to produce such
samples. Another problem occurring here is that the melting point
of TiO2 is different from that of CeF3.

Matrix: A method that ensures the particles to stay at their position is to
put them into a solid matrix. Different materials are possible. The
particles can be glued together in a matrix of epoxy resin or can
be solved in a material that freezes out at low temperatures (e.g.
ethanol or glycerol). The disadvantage of this method is that one
loses the high difference in refractive index and thus the scattering
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strength by replacing the surrounding medium helium in the cryo-
stat, with index n ≈ 1, with some solid matrix, since all of these
materials have a higher refractive index then helium.

To test the stabilization methods, we started by measuring the transmission
speckle of different samples. Their correlations are shown in Fig. 4.4. The used
samples were:

• TiO2 powder glued in epoxy resin (green curve).

• TiO2 powder melted to its surface melting point (yellow).

For comparison we also show:

• Pure TiO2 powder relaxed for 28 h before measuring its correlation (red).

• The beamblocker experiment as a comparison to the setup stability
(blue).

Figure 4.4: The sample stability was tested by measuring the correlation of different sam-
ples: A pure TiO2 powder sample (red), TiO2 powder glued in epoxy resin
(green), TiO2 melted to T = 1200 ◦C (yellow). These samples are compared
to two different setup stability measures, a ceramic plate measured in trans-
mission placed in the sampleholder (pink) and a beamblocker placed at the
camera position and measured in reflection geometry with no sample in the
setup (blue).
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• A ceramic plate in transmission (pink) that is a solid state material.
Here the photon paths stay the same if no movement of the sample with
respect to the laser beam is present.

Except the pure powder sample, all samples show a high stability C > 0.95
over several thousand seconds, such that in general gluing and melting seem to
be reasonable methods to stabilize our powders. However, having a closer look
at the microscopic properties and the scattering abilities of these samples, as
outlined in the following sections, raised issues, questioning the gluing and the
melting as proper stabilization methods.

Problems with gluing

To glue the powders, an epoxy resin from Carbon Sperling (E45L) was used.
The powders were mixed with the epoxy and than dried for several days. To
ensure that the particles are not separated too much, which would lead to an
increased transport mean free path, low concentrations of epoxy resin were
used, still making sure that a homogeneous mixing was possible.6 An SEM
image of a macroscopic good looking sample, with 12.5% per mass of epoxy
resin and the rest TiO2 powder (R700), is shown in Fig. 4.5(a). The small
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Figure 4.5: (a) SEM picture of a R700 powder glued in 12.5% per mass epoxy resin. The
small dots are the powder particles. Large “holes” are visible. (b) Time of flight
curves of two different powders (R700 and R700+CeF3) glued in epoxy resin.
The peak at t = 0 ns indicates optical shortcuts.

6Ideally the epoxy matrix should fill the spaces between the particles only, so that the
structure stays the same as in a pure TiO2 sample.
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dots are the TiO2 particles. The particles are already separated by distances
larger than their diameter, meaning that l∗ is increased a lot compared to
the pure powder (see Fig. 3.1). Beside that, larger, hole like structures are
visible. These “bubbles” allow the light to shortcut through the sample. Those
optical shortcuts make the sample inappropriate for our experiments, since
the light propagating on these paths gets less Faraday rotated. The problems
mentioned here are confirmed by making time of flight experiments with these
samples (see Fig. 4.5(b)). Two different measurements are shown, one with
TiO2 powder in epoxy only and one with TiO2 mixed with CeF3 powder in
epoxy. Both samples show a peak at t ≈ 0 ns, indicating optical shortcuts:
Photons from the incoming laser pulses can propagate on very short paths
through the sample.

With these results we decided not to use epoxy as a matrix for stabilization
in our experiments.

Problems with melting

Another idea was to stabilize the samples by melting the particles together at
their surface.7 The powders were heated in a tube furnace (Rohrofen Heraeus
ROF 4/50) with a maximum temperature of T = 1300 ◦C. The melting point
of TiO2 is at Tm = 1825 ◦C [53]. The surface melting point is expected to
be at Ts ≈ 2

3
Tm (Ts and Tm in ◦K).8 A series of measurements was done, in

which we chose different maximal temperatures ranging from Tmax = 1000 ◦C
(slightly below the surface melting point) to Tmax = 1200 ◦C (higher than Ts).
Furthermore we also varied the time the sample were left at Ts, ranging from
t = 0 min9 to t = 30 min. We took images of all samples with a SEM after
letting them cool down to room temperature, to compare the degree of melting
for different Tmax. Two examples are shown in Fig. 4.6. At Tmax = 1000 ◦C
(see Fig. 4.6(a)) the particles keep their structure but most of them are still
free standing and thus the particles thermal motion is not suppressed. At
Tmax = 1200 ◦C (see Fig. 4.6(b)) there are some crystal structures observable.
Here, many particles melted together to form bigger crystal clusters, which
leads to an unwanted change of the scattering properties of the samples.

Although the heating was done very slowly (in several hours) and the shown

7Ideally this melting would take place at one touching point only, to keep the structure of
the particles.

8This is a rough estimation in which the melting is assumed to be a process of thermal
unbinding of the next neighbors.

9t = 0 min here means that we went down in temperature directly after reaching the surface
melting point Ts.
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(a) Tmax = 1000◦C (b) Tmax = 1200◦C

Figure 4.6: SEM pictures of R700 samples heated to different temperatures
(a) Tmax = 1000◦C and (b) Tmax = 1200◦C, both for t = 30 min.

images were both 30 min at Ts, a homogeneous melting over the whole sample
could not be observed. We always found parts of the sample where free stand-
ing particles were observed, while in other sections the TiO2 already melted
together and crystallized. Beside these problems, we expect that melting sam-
ples, which consist of two different powder materials (TiO2 and CeF3), would
make the situation even more complex due to their different melting points.
As a result, this stabilization method could not be used in our experiments.

Cooling the samples with liquid helium

As already mentioned, to obtain a strong Faraday rotation of our paramagnetic
powders, we need to cool the samples in an optical flow cryostat with liquid
helium. This should also increase the sample stability, since the thermal motion
is reduced. As a first test of the speckle stability the correlation of a R700
sample was measured at T1 = 300 K and T2 = 7 K for t = 8000 s. This is shown
in Fig. 4.7. At room temperature three correlations (blue, light blue and pink)
are measured after a relaxation time trel = 24 h. The correlation run2 starts
when run1 is finished and run3 starts when run2 is over. They show the typical
sample relaxation process observed for TiO2 powders at room temperature
(see Fig. 4.3). After 48 h the sample is equilibrated and three correlations
(black, red, green) are measured. They all show the same decay rate. After
t = 8000 s the correlation decreased to C ≈ 0.6. This measurement is the
most stable correlation we obtained with TiO2 at room temperature. Then
the sample was cooled to T2 = 7 K. The purple and the orange data points
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Figure 4.7: Measurement of the sample stability and the relaxation process of R700 (run1,
run2, run3) after trel = 24 h and trel = 48 h at T1 = 300 K and at low
temperatures T2 = 7 K.

show two correlations at this temperature. The orange correlation (7K run2)
was started when the purple correlation (7K run1) ended. Note that the signal
is very noisy. This is the case because the temperature was not controlled
very well, since the shown data were the first taken at low temperatures.10

Nevertheless two things can be concluded. Firstly, we see that the orange
data points (7K run2) are more stable than the purple ones (7K run1). This
indicates the sample relaxation process taking place at low temperatures too.
Thus in all low temperature experiments, we waited 1-2 hours before starting a
measurement. Secondly, the low temperature data are showing a much weaker
correlation decay. Improving the temperature stability at low temperatures
allowed us to measure a stable correlation of C > 0.95 over more than 3600
seconds as needed for the Faraday rotation experiments.

4.3 The Verdet constant of the cryostat windows

The windows of the cryostat system are made of homogeneous, diamagnetic
material (outer windows: quartz glass, inner windows: c-axis oriented sap-
phire). The linear polarized laser light passing through the windows in the

10At this time we did not control the gas flow at the transfer tube valve.
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Figure 4.8: Measurement of the Faraday rotation of the cryostat windows at two different
temperatures T with increasing and decreasing field B. The average Verdet
constant of the windows is Vw = 3.00± 0.04 ◦/T.

presence of a magnetic field gets Faraday rotated. The rotation can be charac-
terized by an effective Verdet constant of all windows Vw. The Faraday rotation
of all windows sums up if no birefringence is present. To measure the strength
of the Faraday rotation of the windows, the cryostat was placed between a po-
larizer and an analyzer oriented perpendicular to each other. The sampleholder
with all windows but no sample inside was placed in the cryostat. Searching for
the minimum in the transmitted intensity by turning the analyzer at different
field strength allows to measure the rotation of the plane of polarization by the
Faraday effect of the windows. The rotation angles were read by eye, leading
to an estimated error of δθ = ±0.1◦ This measurement is shown in Fig. 4.8.

A linear increase of the rotation angle with the magnetic field is observed.
The measurement was done in both directions, with increasing and decreasing
magnetic field. Furthermore the measurement was carried out at T = 300 K
and T = 10 K to ensure that the Faraday rotation of the windows is temper-
ature independent.11 The linear measurements are slightly offset one to each
other, depending on the exact orientation of the polarizer in front of the cryo-
stat. The slope of the linear fit θ(B) = VwB + c gives the Verdet constant of
the windows. Averaging over the four measurements leads to an overall Verdet
constant of the windows of Vw = 3.00± 0.04 ◦/T.

In the analysis process of the Faraday effect of the multiple scattering

11Paramagnetic impurities may change the Faraday rotation of glass temperature depen-
dent [54].
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samples, we account for the Faraday rotation of the windows by multiply-
ing the correlation fit of the Faraday rotation of the samples with the ex-
pected decrease of the intensity cross-correlation function from the windows
g2(B)− 1 = cos2(VwB).

4.4 Magnetic setup stability

If some parts of the cryostat are magnetic, the system can move when the
magnetic field is changed. We already recognized earlier that some welding
seams of the cryostat were slightly magnetic.

4.4.1 Transmission test

We started by measuring a pure TiO2 powder sample in transmission, for which
we do not expect a decay of the intensity cross-correlation function with the
magnetic field due to the low Verdet constant of the diamagnetic TiO2. Figure
4.9(a) shows the measurement of such a sample (L ≈ 0.4 mm) plotted as a
function of time and Fig. 4.9(b) shows the same data plotted as a function of
magnetic field. Both measurements were carried out at T = 9 K. Note that in
all experiments the field plots were obtained from the time plot by knowing the
field rate and assuming a linear dependency between the field and the time.
In a first measurement (blue dots) a strong decay with the magnetic field was
observed. The starting offset at B = 0 T can be explained by the fact that the
transmitted intensity was too close to the noise level of the camera, such that
the correlation directly decreased to C ≈ 0.9.12 The low transmission finds its
origin in the thickness of the sample and low laser power, which was chosen to
achieve a higher stability. The decay of the correlation (blue dots) is suspected
to origin from a movement of the inner part of the cryostat, such that the area
illuminated on the sample changes and thus the photon paths and the speckle
pattern change. Therefore we fixed the inner part of the cryostat against the
outer with a teflon ring (see Sec. 3.3) and measured the correlation of a pure
R700 sample again (red diamonds). With this change, the correlation is much
more stable, but a slight decay could still be observed. This decay of the corre-
lation could not be explained by the theoretical expected decay of the intensity
cross-correlation function from the cryostat windows Cw(B) = cos2(VwB) only,
which is plotted in Fig. 4.9(b) (black solid line). We measured the sample sta-
bility without magnetic field (black squares in Fig. 4.9(a)) and fitted these
data by a polynomial of second order P (t) = a0 + a1t+ a2t

2 (green line in

12At this time no Gaussian filter was used in the analysis.
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Figure 4.9: Improvement of the magnetic stability of the cryostat system: Two correlation
measurements of a TiO2 sample, one with the inner part not fixed to the
outer part (blue dots) and one with the inner cryostat part fixed to the outer
part with an teflon ring (red diamonds), are shown. The correlation is plotted
against the time (a) and the field for increasing magnetic field (b). The black
squares are a stability measurement of the sample performed before the field
measurements. All measurements were carried out at T = 9 K. The theoretical
predicted decay of the correlation from the Faraday rotation of the windows is
shown in the field plot as black line. The green line shows the Faraday rotation
of the windows multiplied by the instability function measured in the timeplot.
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Fig. 4.9(a)). From this fit the decay caused by the sample instability can be
obtained. A stability function P (B) = c0 + c1B + c2B

2 can then be calculated
from the stability P (t) via c0 = a0, c1 = a1

0.23T/min
and c2 = a2

(0.23T/min)2
. The ob-

served field dependent decay of the intensity cross-correlation function of pure
TiO2 (red diamonds) can be explained by the Faraday rotation of the windows
multiplied with the sample instability g2(B)− 1 = Cw(B) · P (B) (green line
in Fig. 4.9(b)). This means that the Faraday rotation of diamagnetic TiO2

is negligible and we can conclude that the setup with the teflon ring is more
stable in the magnetic field.

4.4.2 Reflection test

Figure 4.10 shows another setup used to test the stability of the cryostat in
the magnetic field. Here the inner cryostat part was also fixed with the teflon
ring against the outer part. A copper block was placed at the sample position
and was illuminated in reflection geometry. The recorded reflection speckle
are measured with a CCD. If the cryostat moves, the illuminated area on the
copper block changes and thus the speckle changes. The measured correlation
plotted over the time is shown in Fig. 4.11.

A correlation analysis in Fourier space (as explained in Sec. 4.1) is shown as
black dots and an analysis in real space is shown as red diamonds (no shifts
included in the analysis). The blue solid line shows the magnetic field. The
correlation in Fourier space is very stable (C > 0.98) and no field dependent
decay can be observed. In contrast to that, the correlation in real space shows
a field dependent decay. This might be due to a slight tilting of the copper
block or simply a movement of the camera, such that the speckle pattern is
not changed, but only its position on the CCD. However, this field dependent

Figure 4.10: Sketch of the setup used to measure the stability of the cryostat system in the
magnetic field. The sample was replaced by a copper block. The copper block
is illuminated in reflection geometry and the reflection speckle are measured
with a CCD.
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Figure 4.11: Measurement of the influence of the magnetic field on the stability of the
setup: The Fourier space analysis (black dots) and the real space analysis
(red diamonds) are plotted as a function of time. The magnetic field is shown
as a solid blue line.

decay is very low (C & 0.95).
With the both measurements presented here, the setup was assumed to be

stable with regard to a change of the magnetic field.

4.5 Faraday rotation of TiO2 and TiO2+CeF3

Cooling the samples to low temperatures allowed to measure a stable correla-
tion over several thousand seconds, if the sample thickness was small enough
(L < 0.5 mm), so that the transmitted light was well above the noise level, and
the laser power was low enough (P < 0.5 W) to avoid the absorbed light to
destabilize the sample due to heating. As a first measurement of the Faraday
rotation of our powders, two samples were prepared: a pure TiO2 (R700) pow-
der sample of thickness L = 220 µm, and a sample of 80% per mass R700 and
20% CeF3 of thickness L = 280 µm. To characterize the scattering properties
of the samples, time of flight (ToF) measurements were performed with the
setup described in Sec. 3.5. The time of flight data are shown in Fig. 4.12, in
black for a pure R700 sample and in red for the powder mixture of R700 and
CeF3.

Both samples show a diffusive behavior, as expected for those thin samples
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Figure 4.12: Time of flight measurements of a R700 sample with thickness L = 220 µm
(black dots) and a sample of 80% per mass R700 powder and 20% CeF3 of
thickness L = 280 µm (red diamonds).

(L much smaller than the macroscopic localization length ξ13). For long times
a crossover to the noise level is visible. Although the sample consisting of a
mixture of CeF3 and R700 is thicker than the pure R700 sample, the light
leaves the sample with CeF3 earlier. This can be concluded from the shift
of the maximum of the time of flight curve and the faster decay of the long
time tail. This shows, that adding CeF3 particles to TiO2 leads to a larger
diffusion constant or in other words an increased l∗. The faster decay of the
long time tail also indicates a higher diffusion constant and a higher absorption
of the powder mixture compared to pure TiO2. Both samples show no optical
shortcuts such that they can be used for the Faraday rotation experiments.

R700

To measure the Faraday rotation of a powder sample, the sample was pressed
in the sampleholder, which was then placed in the cryostat and cooled down
to T = 9.00 ± 0.05 K. Then the sample was illuminated and we waited for
the sample to relax for t ≈ 1 h. Afterwards a stability measurement of the
transmission speckle was started without magnetic field. The correlation of
such a measurement for the pure R700 sample is shown in Fig. 4.13(a) as
black squares. The stability measurement was fitted by a polynomial of second
order P (t) = a0 + a1t+ a2t

2 shown as green line in Fig. 4.13(a). Afterwards,
two runs with the magnetic field were performed. The correlations plotted

13ξ =
√
l∗lloc/3, where lloc is the microscopic localization length, the path length required

for localization effects to set in (ξ ≈ 700 µm [3]).

63



4.5. FR OF TIO2 AND TIO2+CEF3 CHAPTER 4. PERFORMED EXPERIMENTS

C
or

re
la

ti
on

0

0.2

0.4

0.6

0.8

1

B
 (

T)

−1
0
1
2
3
4
5
6
7
8

time (s)
0 1000 2000 3000 4000

 Stability measurement
 Stability fit
 run 1
 Magnetic field run 1
 run 2
 Magnetic field run 2

(a) time plot
C

or
re

la
ti

on

0.5

0.6

0.7

0.8

0.9

1

B (T)
0 1 2 3 4 5 6 7

 Speckle stability
 run 1 (R700 only)
 Faraday rotation (FR) windows
 FR windows * stability function

(b) field plot

Figure 4.13: Correlations of the transmission speckle measured of a R700 powder sample
plotted over time (a) and the magnetic field (b). A stability measurement
was performed before the field experiment (black squares) and fitted by a
polynomial of second order (green line in (a)). Two measurements with mag-
netic field are shown (red diamonds and blue triangles in (a)). Run 2 is also
plotted in (b) as red diamonds for increasing field. The Faraday rotation of
the windows (blue line in (b)) multiplied with the stability function from the
timeplot is shown as a green line in (b).

over time are shown in Fig. 4.13(a) as red diamonds (run 1) and blue triangles
(run 2). The associated magnetic fields are shown as red and blue lines. A field
dependent decay to C ≈ 0.85 for B = 7 T can be observed. The correlation
returns nearly to its starting value with decreasing field. This shows that this
measurement is reversible. Furthermore run 1 and run 2 show a very similar
decay, such that the measurement is also reproducible. Note that the blue
curve show some instability when the field goes down again. This is not field
induced, but more due to sample and setup stability reasons.

In Figure 4.13(b) the field induced decay of run 1 (red diamonds) is plotted
over the magnetic field. The blue line shows the theoretical expected decorre-
lation due to the Faraday rotation of the windows Cw(B) = cos2(VwB) with
Vw = 3 ◦/T. The Faraday rotation of the windows only cannot explain the
observed decorrelation completely. Multiplying the decorrelation of the Fara-
day rotation of the windows with the decorrelation due the sample instability
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g2(B) − 1 = Cw(B) · P (B) (green line in Fig. 4.13(b)), explains the observed
field induced decay of the correlation. This confirms that the Faraday rotation
of R700, which is diamagnetic with a Verdet constant of VTiO2 = 100 rad/Tm,
is negligible for those thin samples. For comparison the stability data from the
time plot is shown as black squares in the field plot too.

R700+CeF3

In a next step, the mixture of R700 and 20% per mass CeF3 was measured
to learn more about the Faraday rotation of CeF3 in those sample mixtures.
Again a stability measurement without magnetic was performed after a relax-
ation of the sample. This is shown as black dots in Fig. 4.14(a). The correlation
is stable (C > 0.95). Then, a measurement with magnetic field was started (red
squares, run1). When the magnetic field (red line in Fig. 4.14(a)) increases we
directly observe a fast decay of the correlation function to C = 0. With de-
creasing field, the correlation does not return to its origin, but rather stays
C = 0. Afterwards a new correlation was started without magnetic field (or-
ange squares). A relaxation process over time is visible. The correlation relaxes
to a constant value C ≈ 0.3. Then a new measurement with field was started
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Figure 4.14: Correlations of the transmission speckle measured for a powder sample con-
sisting of 80% per mass R700 and 20% CeF3 plotted over time (a) and the
magnetic field (b). A stability measurement (black dots in (a)) was performed
before the first field experiment (run1). Two measurements with magnetic
field are shown (red squares and blue diamonds in (a)). Both runs are also
plotted in (b) against the magnetic field B. Another stability measurement
was performed after run1 (orange squares) and after run2 (green diamonds).
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(blue diamonds, run2). One sees, that the correlation is stable again at the
beginning when no field is applied, which indicates that the sample relaxed
completely after decreasing the field to zero in run1. The magnetic field of
run2 is shown as a blue line. When the field sets in again, a fast decorrelation
to C = 0 can be observed. The correlation stays at C = 0 with decreasing
field. Afterwards another correlation without field was started and a relax-
ation process is visible again (green diamonds). Plotting the measurements
with magnetic field as a function of the field (see Fig. 4.14(b)) shows, that the
decay sets in at B = 0 T and the correlation decays to zero for B ≈ 1 T in
both measurements. When the field returns to zero the correlation stays zero.
Thus we conclude some irreversible process taking place.

The reason for the observed behavior is the following: CeF3 is a strong para-
magnetic material, thus in a strong magnetic field a magnetic force is applied
on the particles, which move them. The CeF3 particles may change their po-
sition and/or orientation in the samples if a field is applied. This irreversible
change in the sample changes the photon paths through the sample and thus
the correlation goes down to zero and does not return with decreasing field.
Such a behavior makes it impossible to measure the Faraday rotation of these
powders, because the decorrelation is dominated by the movements of the par-
ticles.

4.5.1 Matrix solution

Embedding the powder particles in a solid matrix should avoid any movements
of the CeF3 particles by a change of the magnetic field. The particles were
mixed in a solution and cooled to low temperatures, such that the solvent
freeze out, so the particles cannot move in this matrix. The particles were
solved in ethanol first. Ethanol is transparent in the visible regime, meaning
its absorption is small. Ethanol has a melting point of Tm = −114 ◦C [48].
Its refractive index is n = 1.33 at λ = 589 nm [48], such that we expect it
to increase the l∗ in our samples compared to air as a surrounding medium.
During the preparation process of the sample, the suspension of powder and
matrix was filled in a closed chamber made of an o-ring separating the two
sapphire windows inside the cap of the sampleholder. With the ethanol as a
matrix several problems occurred. Ethanol evaporates quickly, such that it was
very challenging to create a closed sample without any gas inside, which would
behave as an optical shortcut in the experiments. Even if no gas holes were
present, the sample often showed cracks, which occurred during the cooldown
process for temperatures below ≈ 30 K, which then act as optical shortcuts
too.
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Thus we switched to another solvent, glycerol (C3H8O3). The melting point
of glycerol is Tm = 18.2 ◦C [48]. It evaporates much slower than ethanol,
such that in the sample preparation process it was easier to create a gas free
sample. Furthermore it is more viscous and thus easier to handle. To ensure
that all air bubbles evaporated from the glycerol, we degased the sample for
t ≈ 30 min at ambient pressure. Glycerol is also transparent in the visible
region. A disadvantage compared to ethanol is that its index of refraction
is higher: n = 1.47 at λ = 589 nm [48]. All Faraday rotation measurements
performed with glycerol took place in the diffusive regime. The Verdet constant
of the diamagnetic (and thus temperature independent) glycerol is very low
with VGlycerol = 3.87 rad/Tm at λ = 589 nm and T = 16 ◦C [48], which makes
it suitable as matrix for our Faraday active powders. Using glycerol as matrix
allowed to measure the Faraday rotation of the mixtures of R700 and CeF3 as
will be shown in the following section.

4.6 Measurement series

The Faraday rotation of powder mixtures of CeF3 and TiO2 were measured
by solving these powders in a matrix of glycerol and cooling those samples to
low temperatures. In a first measurement series, the amount of added CeF3

was raised from 0 vol% CeF3 to 6.61 vol% CeF3, while the amount of TiO2

and glycerol also varied. In a second series the matrix to powder ratio (in
mass percent) was kept constant. The powder amount of CeF3 compared to
that of TiO2 was changed from 0% per mass to 84% per mass. Finally the
temperature dependency of the Verdet constant was obtained, measuring one
Faraday active sample at different temperatures from T = 6 K to T = 72 K.

4.6.1 Characterization of the Faraday active samples

During the measurement series, a common process for the characterization of
the properties of the Faraday active samples was developed. After filling the
samples in the sampleholder, the thickness L of the sample was measured.
Therefore the position of the stamp in the sampleholder was measured with
a micrometer screw for the empty and the filled sampleholder. The thickness
was predetermined by the thickness of the o-ring between the two sapphire
windows but varied between L = 2.0 mm and L = 2.2 mm depending on
the pressing strength. This large predetermined sample thickness made us use
high volume percentages of glycerol as a matrix (≈ 90%) to ensure enough
transmission. Before measuring the Faraday rotation of the samples with the
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speckle interferometer, we wanted to measure the diffusion coefficient D and
the absorption time τa with time of flight measurements, and the transport
mean free path l∗ of the samples via coherent backscattering experiments, to
be able to fit the Faraday rotation model from Eq. (2.64) to the correlation
data with the Verdet constant V as the only free parameter.

Diffusion coefficient and absorption length

The diffusion coefficient and the absorption time can be obtained by measur-
ing the time of flight curve of our samples and fitting them with Eq. (2.20).
Figure 4.15 shows time of flight data (black dots) of one sample consisting
of 1.89 vol% (16.5% per powder mass) R700 and 6.61 vol% (83.5% per pow-
der mass) CeF3 solved in 91.5 vol% glycerol. Here the sample thickness was
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Figure 4.15: Time of flight measurement of a sample consisting of 1.89 vol% (16.5% per
powder mass) R700 and 6.61% (83.5% per powder mass) CeF3 solved in
91.5% glycerol. The sample thickness was L = 2.2 mm. The data is shown
as black dots. A diffusion fit (red line) leads to D = 533 ± 1 m2/s and
τa = 1.40± 0.04 ns resulting in an absorption length La = 746± 13 µm.

L = 2.2 mm. The diffusion fit from Eq. (2.20), shown as red line, leads to
D = 533± 1 m2/s and τa = 1.40± 0.04 ns resulting in an absorption length
La =

√
Dτa = 746± 13 µm. Due to the high amount of glycerol and CeF3, this

sample was very weakly scattering, resulting in such a high diffusion constant.

The transport mean free path

Using glycerol as matrix, resulted in the diffusive regime, in which we also
expect the transport mean free path to be much larger than for the pure
TiO2 samples. Thus the expected backscattering cones are very narrow, such
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(a) Image of the backscattering cone.
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Figure 4.16: Measurement of the transport mean free path of a sample consisting of
1.89 vol% (16.5%) R700 and 6.61% (83.5%) CeF3 solved in 91.5% glycerol:
A single image (texp = 5 s) of the measured backscattering cone is shown
in (a). The contour plot for indentification of the cone tip is shown too. The
averaged radial data and a corresponding fit are shown in (b). The transport
mean free path obtained from the fit is l∗ ≈ 8.1± 0.2 µm.

that we can use the small angle scattering setup for the measurement of the
transport mean free path l∗. The small angle setup was built as described in
Sec. 3.6.14 To measure the backscattering cone we chose a camera exposure of
texp = 5 s and took an image while moving the sample manually to average
out the speckle. A section of such an image is shown in Fig. 4.16(a). For each
sample 5 - 10 of those images were taken. In the analysis process an average
over those images was performed. The center of the cone was determined by
fitting a 2D Gaussian to a preselected image area. This is shown in Fig. 4.16(a)
as a contour plot with a center position of x = 1108.8 and y = 969.7. After
finding the center of the cone, a radial average was performed to obtain a 1D
data set as shown in green in Fig. 4.16(b). Using Eq. (2.26) for the fit of the
backscattering cone, the 1D data was fitted with l∗, the enhancement factor
and an intensity offset as free parameters. This is shown in Fig. 4.16(b) in red.
The maximum observable scattering angle is determined by the used lens (see
Sec. 3.6), the cone tip position on the CCD chip and the chip size. For a cone
tip located on the center of the chip, the maximum angle is ≈ 1.09◦.

14Unfortunately this setup and the setup for measuring the Faraday rotation were placed on
the same table and used the same measuring device, such that for every sample the small
angle setup had to be rebuilt. This lowers the comparability of the l∗ measurements. But
still measuring l∗ gives information about the correct order of magnitude of this quantity.
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The shown data is measured with the same sample as used for the time of
flight, consisting of 1.89 vol% (16.5%) R700 and 6.61 vol% (83.5%) CeF3 solved
in 91.5 vol% glycerol. From the backscattering cone fit we obtained the disor-
der parameter kl∗ = 95.9 and the transport mean free path l∗ = 8.1± 0.2 µm.
After subtraction of the noise level (≈ 1850) from the image, the enhancement
is ≈ 1.4. This very low value has several reasons. The sample is placed behind
a window, such that internal reflections are enhanced. Furthermore an inho-
mogeneous background in the image was observed, arising from a non parallel
alignment of the beamsplitter and the lens. This background increases the im-
age background and thus lowers the enhancement. Also absorption lowers the
tip of the cone as mentioned in Sec. 2.2.2.

The Verdet constant of a multiple scattering sample

To determine the Verdet constant of the Faraday active powder mixtures, we
used the same protocol as described in Sec. 4.5 (R700). Therefore the transmis-
sion speckle was measured using the speckle interferometer setup, as described
in Sec. 3.2. Before a measurement with magnetic field was started a correlation
of the transmission speckle without field was measured as a stability function
of the experiment. This is shown in Fig. 4.17(a) as black dots and fitted by
a polynomial of second order P (t) (green line in Fig. 4.17(a)). The shown
data are from the same sample as in the sections before. After the stability
measurement two runs were performed with magnetic field (red squares and
blue diamonds). The corresponding magnetic field is plotted as a red and a
blue line in Fig. 4.17(a). The correlation data are plotted in Fig. 4.17(b) as a
function of the magnetic field. For comparison the decay expected due to the
measurement instability and the Faraday rotation of the windows is plotted as
a green line.

A clear and fast decay of the correlation is visible as a function of the
magnetic field from C ≈ 1 to C ≈ 0. The correlations return almost to their
starting value with decreasing field. Furthermore the two runs, performed with
1 h break in between, show nearly the same results. The second run (run2)
returns to a little higher value of C. The reason for this might be that it is
carried out later, and thus the sample already relaxed a bit more. In the field
plot the correlation data is fitted with the intensity cross-correlation function
g2(B) − 1 calculated from Eq. (2.64) with Veff the only free parameter and
accounting for the Faraday rotation of the windows Cw and the instability of
the sample P (B), such that the fit was

C(B) = P (B) · Cw(B) · (g2(B)− 1) . (4.3)
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Figure 4.17: Correlations of the transmission speckle measured of a sample consisting of
1.89 vol% (16.5%) R700 and 6.61 vol% (83.5%) CeF3 solved in 91.5 vol%
glycerol, are plotted over time (a) and the magnetic field (b). A stability
measurement was performed before the field experiment (black dots) and
fitted by a polynomial of second order (green line in (a)). Two measurements
with magnetic field are shown (red squares and blue diamonds in (a)). The
corresponding magnetic fields are plotted as red and blue line in (a). Both are
also plotted in (b) as a function of the magnetic field. The Faraday rotation of
the windows Cw(B) multiplied with the stability function from the timeplot
P (B) is shown as a green line in (b). The red and the blue line in (b) are fits
of g2(B) − 1 from Eq. (2.64) multiplied with Cw(B) and P (B). In these fits
the Verdet constant Veff is the only free parameter. Vvol is the Verdet constant
expected from the volume fractions of the both materials.

The measured Verdet constant for run1 is Veff = −594 ± 2 rad/Tm and
for run2 it is Veff = −570 ± 3 rad/Tm. In the fits the parameters La and
l∗ were known from the time of flight and the coherent backscattering cone
experiments. Furthermore the thickness L, and the temperature T are two
experimental known parameters. The temperature was used to calculate the
theoretical expected Verdet constant from the volume fractions ρ of the pow-
ders and the matrix via:

Vvol = ρglycerolVglycerol, bulk + ρTiO2VTiO2,bulk + ρCeF3VCeF3,bulk . (4.4)

Here VCeF3,bulk is temperature dependent. The temperature used in the ex-
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periments was T = 9 K. For the measured sample a Verdet constant of
Vvol = −381 rad/Tm was expected. Knowing Vvol, the enhancement EV of
the Verdet constant can be obtained. For run1 it is EV ≈ 1.6 and for run2
it is EV ≈ 1.5. Such an enhancement of the measured Verdet constant was
also observed by Erbacher et al. [6] and explained by internal reflections in the
Faraday active particles.

This process was used to obtain the enhancement factor EV of all the dif-
ferent Faraday-active multiple-scattering samples described in this thesis.

4.6.2 Series 1: Increasing the CeF3 amount

A series of measurements of the Verdet constant of powders with different
TiO2/CeF3 ratios solved in glycerol was carried out. Figure 4.18(a) shows the
correlations of a measurement of the transmission speckle for different samples
as a function of time while changing the magnetic field between B = 0 T to
B = 7 T. The magnetic field is shown as light blue line. The same correlations
are plotted for the decorrelation with increasing magnetic field as a function
of the field in Fig. 4.18(b). All samples were cooled to T = 9 K. In this series
the amount of CeF3 was raised from 0 vol% to 6.61 vol%, while the percentage
of TiO2 and glycerol was not controlled.

A strong dependency of the decay of the correlation and thus the Faraday
rotation on the amount of added CeF3 is observed in the measurement series 1.
The more CeF3 is added, the faster the correlation decays, since the CeF3 is
strongly Faraday active at these low temperatures. All measurements are fitted
(solid lines in Fig. 4.18(b)) as described in the last section with the expected
intensity cross-correlation function from Eq. (2.64) to obtain Veff.15 In the fit we
accounted for the Faraday rotation of the windows and the instability function
of each measurement. The results are shown in Tab. 4.1. The measurements
with CeF3 show an enhanced Faraday rotation with an enhancement factor
EV ≈ 1.5− 1.6.

Note the different sources of errors that might influence the obtained results.
The volume percentages presented in Tab. 4.1 are calculated from the mass

15Let us mention, that for the red, green and black line in Fig. 4.18 l∗ was not measured, since
these were the first test measurements. At this time the small angle cone was not set up
yet. Note that after the warmup of the cryostat the particles sediment and clustered. Thus
the samples could only be used once. In these fits the transport mean free path was fixed
to l∗ = 5 µm. This value is in the correct order of magnitude as measured afterwards.
For example, for the sample with 6.61 vol% CeF3 (blue triangles) a l∗ ≈ 8.1 µm was
measured (see Fig. 4.16). Furthermore Eq. (2.64), which was used for the fits, is only
weakly depending on l∗.
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Figure 4.18: Measurement series of the Verdet constant Veff of different Faraday active
powder mixtures solved in glycerol. The amount of CeF3 was raised from
0 vol% to 6.61 vol%, while the percentage of TiO2 and glycerol was not
controlled. The correlations of the transmission speckle plotted over time
are shown in (a). The magnetic field of the sample with 6.61 vol% CeF3 is
plotted as a light blue line. The measured decorrelations with increasing field
are plotted as a function of the magnetic field in (b) as data points. The
corresponding fits with Veff as the only free parameter are plotted as solid
lines in (b). In the fits we accounted for the Faraday rotation of the windows
and the instability of each measurement. All measurements were carried out
at T = 9 K.

percentages measured during the sample preparation process. The accuracy
of this preparation process leads to an error of ≈ ±0.5 vol%. Thus the exact
value of Vvol is influenced by the accuracy of the value of the volume fractions.
Moreover the exact value of L varies by ±0.1 mm influencing the correct value
of Veff in the fits. Overall this leads to an estimated error of δEV ≈ ±0.3.

In this series the amount of added TiO2 varied strongly between 0 vol%
(black diamonds) to 7.45 vol% (red squares). Measurements with 1.89 vol%
TiO2 (blue triangles) and 5.83 vol% TiO2 (green dots) are also shown in
Fig. 4.18. The strength of the Faraday rotation seems not to be influenced
by the amount of added TiO2.

The orange triangles are a measurement of a sample without CeF3. Here a
measurement of TiO2 only (same as in Fig. 4.13) is shown. This measurement
is not fitted but the Faraday rotation of the windows Cw multiplied by the
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CeF3 (vol%) TiO2 (vol%) glycerol (vol%) Vvol (rad/Tm) Veff (rad/Tm) EV

0 ≈ 50 0 ≈ 50 - -
2.55 7.45 90 -140 -219 ± 2 1.6
3.89 6.03 90.08 -220 -347 ± 3 1.6
5.88 0 94.12 -341 -512 ± 3 1.5
6.61 1.89 91.50 -381 -594 ± 2 1.6

Table 4.1: Faraday rotation of the measurement series 1. The volume fractions of the dif-
ferent samples are presented. Furthermore the expected Verdet constant Vvol

and the measured Verdet constant Veff and the enhancement factor EV for the
different samples are shown.

instability function P (B) of this measurement are plotted and represent the
observed decay very well. The same result was obtained by measuring TiO2 in
glycerol but the measurement stability was very bad. Therefore, for a better
comparison the pure TiO2 sample measurement is presented.

Comparability

In Figure 4.18(a) the correlations do not return all to the same value when
the field decreases. The reason for this is, that the different samples showed
different measurement instabilities due to their varying amount of powder.
The complete measurement process of the sample with 2.55 vol% CeF3 and
7.45 vol% R700 is shown in Fig. 4.19. This sample is the same as shown in the
measurement series as red squares. In this measurement the stability is much
worse than in the one shown in Fig. 4.17.

Again, before each run with magnetic field a stability measurement was
performed (black squares and green triangles in Fig. 4.19(a)). Both stability
measurements already show strong differences and are quite noisy. Here the
amount of added TiO2 was relatively high compared to the other samples in
the measurement series. This is connected to a stronger scattering ability of the
sample and thus the photons travel on longer paths. This can also be concluded
from the relatively low diffusion constant D = 26.1±0.5 m2/s measured with a
time of flight experiment. Thus the sample is more sensitive to particle motions
than the sample presented in Fig. 4.17. Still the two measurements shown in
Fig. 4.19(b) are reproducible and lead to a similar result of EV ≈ 1.6 within
an error of δEV < 10%. Note that the measurement presented in Fig. 4.19
decays to C ≈ 0.98 immediately. This is the also the case for the stability
measurements. Therefore the fits start at this value, obtained from the stability
fit. In the measurement series this fit is the only with an offset C < 1 at
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Figure 4.19: Correlations of the transmission speckle measured of a sample consisting of
7.45 vol% R700 and 2.55 vol% CeF3 solved in 90 vol% glycerol, are plot-
ted over time (a) and the magnetic field (b). A stability measurement was
performed before each field experiment (black squares for run1 and green
triangles for run 2) and fitted by a polynomial of second order (black line
(run1) and green line (run2) in (a)). Two measurements with magnetic field
are shown (red dots and blue diamonds in (a)). The corresponding magnetic
fields are plotted as red and blue line in (a). Both runs are also plotted in
(b) as a function of the magnetic field. The Faraday rotation of the windows
Cw(B) multiplied with the stability functions from the timeplot P (B) are
shown as black (run1) and green (run2) lines in (b). The red and the blue line
in (b) are fits of g2(B) − 1 from Eq. (2.64) multiplied with Cw(B) and the
corresponding P (B). From the fits the Verdet constant Veff is obtained as the
only free parameter. Vvol is the Verdet constant expected from the volume
fractions of the both materials.
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B = 0 T. All measurements presented in the measurement series returned to
the value of the instability function when the field decreases to zero.

Reversibility

In Figure 4.18 one should also note, that for the sample with 5.88 vol% (black
dots) an offset for high fields is visible. Here the correlation does not decrease
to zero. This is explained by a constant gradient observed in the image, which
does not vanish in the calculation of the correlation. The fit was corrected for
this offset.

The whole measurement of this sample is shown in Fig. 4.20(a), plotted as a
function of the field for increasing (upwards) and decreasing (downwards) field.
A hysteresis is visible. The two runs show the same functional behavior, such
that one can conclude that this effect is reproducible. The origin of this hys-
teresis lies in the calculation of the magnetic field from the applied current to
the magnet. In a static measurement16 the field is linear to the applied current
Iapplied (see Fig. 3.8). We used this linear dependency Bcommand ∝ Iapplied from
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Figure 4.20: (a) Measurement of the Faraday rotation of a sample consisting of 0 vol%
R700 and 5.88 vol% CeF3 solved in 94.12 vol% glycerol. The correlation of
the transmission speckle is shown as a function of the magnetic field for in-
creasing (upwards) and decreasing (downwards) field for two runs. (b) Mea-
surement of the delay of the real magnetic field Breal, measured with a Hall
probe, compared to the magnetic field Bcommand recalculated from the applied
current.

16A static measurement means, that the field and current through the magnet coil was
constant over time and no loading voltage to the magnet is present anymore.
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Eq. (3.2) to obtain the magnetic field in the magnet bore. But in a dynamical
measurement, as carried out in these experiments, the current in the coil and
thus the magnetic field Breal deviates from the applied current Iapplied and thus
Bcommand. We measured Breal(t) and compared it to Bcommand(t) as shown in
Fig. 4.20(b). The real field (real current through the coil) is delayed compared
to the applied field (applied current). The reason is that there is some response
time of the system caused by the inductance of the coil and the different re-
sistors in the electric circuit (resistor of the switch and the protection resistor
of the magnet). This effect is described in ref. [52] (Section 10.1.4 Persistent
mode) in more detail. The delay is valid for a field increase and a decrease.
This effect explains the observed hysteresis in Fig. 4.20(a).

The delay is also visible in Fig. 4.18(b) when the data is compared to the
fits. The fits decay faster then the data in the beginning. Then a crossover is
observed. Plotting the decay of the correlation as a function of Breal(t) would
allow to account for the delay.17 This hysteresis is another source of error in the
measurement of Veff. A correction of the data using Breal instead of Bcommand

would increase Veff. Furthermore due to this effect, Veff was obtained only form
the decay of the correlation with increasing magnetic field to facilitate the
comparison between the different samples.

The main result of this measurement series is that the amount of added
CeF3 mainly determines the Verdet constant, while the amount of added TiO2

has no influence on the overall Faraday rotation.

4.6.3 Series 2: Constant powder to matrix ratio

A second series of measurements of the Verdet constant of the Faraday active
powder mixtures was carried out. The matrix to powder ratio was kept con-
stant. The amount of CeF3 was raised from 0% per mass to 84% per mass of the
powder mixture. The second component was TiO2 (R700). The correlations of
the transmission speckle are plotted as a function of time in Fig. 4.21(a) and as
a function of the field in Fig. 4.21(b). Again an increasing decay with increasing
amount of CeF3 is observed. Note that the black, red and orange data are the
same as in series 1. Fits of the intensity cross-correlation function are shown in
Fig. 4.21(b) as solid lines. Again C(B) = Cw(B) · P (B) · (g2(B)− 1) was used
as a fit function. The measured Verdet constants Veff for the different samples
are shown together with the enhancement factors EV in Tab. 4.2. The sample
with 50% CeF3 show a low enhancement factor of EV ≈ 1.1. This was usually
observed when the samples showed optical shortcuts due to microcracks dur-

17This was not done due to a limited amount of time.
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Figure 4.21: Measurement series of the Verdet constant Veff of different Faraday active
powder mixtures solved in glycerol. The matrix to powder ratio was kept
constant. The amount of CeF3 was raised from 0% per mass to 84% per
mass of the powder mixture. The second component was TiO2 (R700). The
correlations of the transmission speckle plotted over time are shown in (a).
The magnetic field of the sample with 84% CeF3 is plotted as a green line.
The measured decorrelations with increasing field are plotted as a function of
the magnetic field in (b) as data points. The corresponding fits with Veff as
the only free parameter are plotted as lines in (b).
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CeF3 (vol%) CeF3 (%) TiO2 (%) D (m2/s) Vvol (rad/Tm) Veff (rad/Tm) EV

0 0 ≈ 50 7.2 ≈ 50 - -
2.55 34.23 65.77 26.1 -140 -219 ± 2 1.6
3.98 49.67 50.43 121.4 -225 -247 ± 2 1.1
5.29 66.78 33.22 253.0 -303 -409 ± 4 1.4
6.61 83.50 16.50 533.0 -381 -594 ± 2 1.6

Table 4.2: Faraday rotation of the measurement series 2: The volume fractions of the dif-
ferent powder components are shown in mass percent and for comparability in
volume percent for CeF3 too. Furthermore the expected Verdet constant Vvol,
the measured Verdet constant Veff and the enhancement factor EV for the differ-
ent samples are presented. The diffusion constant D measured in time of flight
experiments is also shown for all samples.

ing the cooling. As mentioned before we could not measure the same sample
again, due to their irreversible change during the warmup of the cryostat.

The diffusion constant D is presented for all samples in Tab. 4.2. While the
Faraday rotation properties seem to be mainly influenced by the amount of
added CeF3, the scattering properties scale strongly with the amount of TiO2.
This can be concluded from the increasing diffusion constant with decreasing
amount of TiO2. Adding CeF3 powder to TiO2 powder lowers the scattering
strength.

4.6.4 Temperature dependency

The theoretical expected Verdet constant Vvol was calculated with the assump-
tion that VCeF3,bulk ∝ 1

T
. To control if this temperature dependency is valid in

the case of multiple scattering samples or if any saturation effect of the Fara-
day rotation for low temperatures is present, as described in Sec. 2.3.2, the
Verdet constant Veff was measured at different temperatures. We measured the
Faraday rotation of a sample consisting of 3.80 vol% R700 and 5.29 vol% CeF3

solved in 90.91 vol% glycerol at T = 6, 9, 15, 30 and 72 K.18 The correlation
functions of the measured transmission speckle are plotted as a function of
time in Fig. 4.22(a). In Figure 4.22(b) the correlations are shown as a function
of the magnetic field. For the measurements at T = 6, 9, 15 and 30 K the
cryostat was cooled with liquid helium. For the measurement at T = 72 K
the cryostat was cooled with liquid nitrogen. With liquid nitrogen it was more
difficult to control the gasflow very well, such that this measurement (light
blue triangles) shows a much higher instability. The measurement at T = 6 K

18For the 72 K point a new sample with the same powder ratios was prepared.
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Figure 4.22: Temperature dependent Faraday rotation of CeF3: The correlations of the
transmission speckle for a sample consisting of 3.80 vol% R700 and 5.29 vol%
CeF3 solved in 90.91 vol% glycerol are plotted as a function of time (a) and the
magnetic field (b) for different temperatures T = 6, 9, 15, 30 and 72 K. The
magnetic field is also shown in the timeplot (green line). The decorrelations
are fitted with Veff as the only free parameter in (b). The fits are plotted as
solid lines.

(black diamonds) show a cutoff of the data with decreasing field. Here we had
a problem with the cryostat (breaking of the isolation vacuum), such that this
data was cut off.

With decreasing temperature a faster decay of the correlation is observed,
and thus the Faraday rotation in the multiple scattering samples become
stronger. The measured Verdet constants Veff and the enhancement factors
are shown in the legend of Fig. 4.22(b). EV is in the same regime as in the
measurement series for T = 6 K and T = 9 K, but increases with increas-
ing temperature. This can have several reasons. The temperature sensors were
calibrate especially for low temperatures. At high temperatures the value of
T has a larger error and might lead to a wrong estimate of Vvol. As discussed
before, the 72 K measurement shows a high instability, thus increasing the er-
ror in the measurement of EV . Moreover the increasing values of EV can also
have a physical meaning. The Verdet constant saturates at low temperatures,
which would manifest in a lowered enhancement factor since we assumed a lin-
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Figure 4.23: Temperature dependency of the Verdet constant of CeF3: The measured
Verdet constant Veff for different temperatures obtained from Fig. 4.22 are
plotted as a function of 1/T . A linear fit (solid red line) Veff = a/T is shown
too.

ear temperature dependency for Vvol. The measured Verdet constants Veff are
plotted in Fig. 4.23 as a function of 1/T . A linear fit Veff(T ) = a

T
is shown as

a red solid line. The data scatter slightly along the linear fit, but do not show
any saturation effects. As mentioned in Sec. 2.3.2, saturation effects occur at
low temperatures and high magnetic fields. If stronger magnetic fields are used
in future experiments, the magnetic saturation regime might be reached.

4.7 Preliminary experiments on Anderson
localization

In the experiments presented in the latter section, the strength of the Faraday
rotation of different samples consisting of powder mixtures of TiO2 and CeF3

were measured. As mentioned in Sec. 2.3.1, the ultimate goal is to use the
Faraday active powder mixtures in experiments on Anderson localization of
light to learn more about the origin of localizing effects. Therefore time of flight
experiments and transmission profile measurements with samples consisting of
a mixture of TiO2 and CeF3 will be performed in future experiments.

4.7.1 Time of flight measurement

In Section 4.5 the effect of adding CeF3 to TiO2 was shown for thin samples. In
Figure 4.24 two time of flight measurements of thicker samples are presented
that both show signs of localization and strong Faraday rotation. A pure R700
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Figure 4.24: The influence of adding CeF3 to localizing samples: A localizing sample con-
sisting of TiO2 with a thickness of L = 0.7 mm (green squares) is shown and
fitted with diffusion theory (orange line) and localization theory (blue line).
A diffusive sample consisting of a mixture of 90% per mass R700 and 10%
per mass CeF3 with thickness L = 0.9 mm (black diamonds) is presented and
fitted with diffusion theory (red line).

powder sample of thickness L = 0.7 mm is presented (green squares). A diffu-
sion fit (orange line) and a localization fit (blue line) as described in ref. [17]
are shown. The sample shows clear signs of localization with the fit parameters
D = 6.4 ± 0.2 m2/s, τa = 0.89 ± 0.04 ns, tloc = 3.0 ± 0.4 ns and a = 0.44.
A sample consisting of a mixture of 90% per mass R700 and 10% per mass
CeF3 with thickness L = 0.9 mm is shown in Fig. 4.24 as black dots and
fitted by a diffusion fit (red line) with parameters D = 13.6 ± 0.7 m2/s and
τa = 0.53 ± 0.04 ns. Here the data is fitted very well by the diffusion the-
ory. For long times a crossover to the noise level is observed. Again we see
the consequences of adding CeF3 to TiO2 powder. The diffusion constant in-
creases, which can also be seen in the shift of the maximum of the time of
flight curve, and the signs of localization disappear, although the sample with
CeF3 is thicker than the pure TiO2 sample.

4.7.2 Wide angle cone measurement

To quantify the change of the disorder parameter kl∗ by adding CeF3 to TiO2

in the localization regime, different samples consisting of powder only were
measured in a wide angle cone setup as described by W. Bührer [17]. The
setup was first constructed by Gross et al. [55]. We used a modified setup
version with an Argon-Ion laser as a light source operating at λ = 514 nm in
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Figure 4.25: Comparison of the wide angle cones of different powder samples: A pure
R700 sample (black squares), a pure anatase sample (red triangles), a R700
sample mixed with 7 vol% CeF3 (green dots), and a R700 sample mixed with
9.5 vol% CeF3 (blue diamonds) are shown.

cw-mode. The original setup measures the coherent backscattering cone from
angles −90◦ to 90◦.19 The setup was calibrated with a teflon sample which has
a cone width smaller then the resolution of the cone setup. Thus calibrating
the setup with the teflon sample also removes the diffuson part of the cone αd

and only the cooperon part αc is measured. The data was normalized by the
offset at large angles. In Figure 4.25 the normalized cone data are shown for
a pure R700 sample (black squares), a pure anatase sample (red triangles), a
R700 sample mixed with 7 vol% CeF3 (green dots), and a R700 sample mixed
with 9.5 vol% CeF3 (blue diamonds). Typical enhancements ranged between
1.6 and 1.7. The low enhancement factors are mainly explained by problems
with shielding of stray light.20

As expected, adding CeF3 to R700 increases the disorder parameter and thus
the cones become narrower. The cones with CeF3 added to R700 are shown in
Fig. 4.25 between the cone of R700 (localizing) and Anatase (diffusive). The
behavior of the data relative to each other leads to the conclusion that using
a reasonable small amount of CeF3 should still allow to prepare a sample that

19In our experiments only angles from −65◦ to 65◦ were measured due to problems with the
diodes for larger angles.

20At this time the setup was not perfectly adjusted yet. Thus the exact values for kl∗ could
not be compared to earlier results, which predict for pure R700 kl∗ = 2.8 and for pure
Anatase kl∗ = 6.4 [17].
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shows some signs of localization.

4.7.3 Time of flight in the presence of a magnetic field

We were able to create a sample consisting of 7% per mass (2.34 vol%) CeF3

and the rest TiO2, which showed weak signs of localization. The time of flight
measurement of this sample is shown in Fig. 4.26. Here a measurement at low
temperatures (T = 9 K) was performed without magnetic field (red squares)
and with a magnetic field of strength B = 7 T (black diamonds). Both curves
show deviations from the diffusion fit and can be better fitted with localization
theory. The measured signal was very low in this experiment, since the sample
was placed in the magnet and the light has to be guided on the photomultiplier
by a lens system, enhancing the noise due to the lack of perfect shielding. This
explains the high noise level in the data. No convincing change of the curve
was observed with magnetic field. This can simply be understood by the fact
that the amount of added CeF3 was still to low to observe a strong Faraday
rotation. In Figure 4.27 the theory curve of the correlation g2(B)−1 is plotted
for the sample with 7% per mass (2.34 vol%) CeF3 (red solid line) as used
in the time of flight experiments in Fig. 4.26. The used Verdet constant was
calculated with an enhancement factor EV = 1.5. For B = 7 T the correlation
is still C > 0.9. Thus we do not expect here the magnetic field to have a
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 diffusion fit
 localisation fit
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 B=7 T diffusion fit
 B=7 T localisation fit

T=9 K

Figure 4.26: Time of flight measurement of a sample consisting of 7% per mass CeF3 and
the rest TiO2 with (black diamonds) and without (red squares) magnetic field
(B = 7 T) at a temperature of T = 9 K. The data is fitted with the diffusion
theory (light blue and light green line) and the localization theory (dark blue
and dark green line).
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Figure 4.27: Theoretical prediction of the Faraday rotation for two different samples with
2.34 vol% CeF3 (red line) as used in the experiment in Fig. 4.26 and 5 vol%
CeF3 (green line). The shown curves are calculated with eg. (2.64).

recognizable influence on Anderson localization. To see a change in the time
of flight experiment with magnetic field, the Faraday rotation in the sample
needs to be stronger. The green solid line in Fig. 4.27 shows the correlation
for a realistic sample with L = 1.1 mm and 5 vol% CeF3 as a function of the
magnetic field from B = 0 T to B = 18 T. For B = 18 T the correlation
is C < 0.1 and thus nearly destroyed. Using such high field combined with
samples with ≈ 5 vol% CeF3 which show signs of Anderson localization (see
Fig. 4.25), might allow to measure the influence of the Faraday rotation on
Anderson localization of light in magnetic fields.
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Chapter 5

Conclusion

In this chapter, the project will be summarized first and the achievements will
be highlighted. Then an outlook is given on future experiments, especially on
Anderson localization of light in the presence of magnetic fields.

5.1 Summary

Disordered photonic media are complex systems that show interactions with
light. Their behavior is sometimes difficult to predict exactly from a theoretical
approach. It thus makes sense to characterize them experimentally. In this
thesis, the characterization of a two component powder material consisting of
TiO2 and CeF3 regarding its light transport properties and its Faraday rotation
properties is described.

A time of flight setup and a coherent backscattering setup were used to
characterize the transport properties of the sample. With these setups, the
diffusion constant, the absorption length and the transport mean free path
were extracted.

Moreover, a speckle interferometer setup was built to learn about the strength
of the Faraday rotation of the multiple scattering samples at T = 9 K and in
magnetic fields up to B = 7 T.

In the first part of the thesis the speckle interferometer setup and the pow-
der samples were stabilized and the data analysis was improved to ensure a
constant correlation of the transmission speckle of the samples for t > 1 h for a
constant magnetic field. This was an experimental requirement to measure the
strength of the Faraday rotation via the intensity cross-correlation function as
a function of the field. In the final experiments of the Faraday rotation the
powders were stabilized by freezing them in a matrix of glycerol.

Performing two series of measurements with the speckle interferometer setup
with changing ratios of TiO2/CeF3 allowed to extract an enhancement factor
EV ≈ 1.6 of the Faraday rotation by fitting the theory of the Faraday effect in
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multiple scattering media to the measured data with the Verdet constant as the
only free parameter. These measurement series thus gave information about
the strength of the Faraday effect of the used samples. Using an analysis in
which the data is corrected for the delay time of the magnetic field will allow
to extract a more accurate value of EV . The Faraday rotation was mainly
determined by the amount of added paramagnetic CeF3. The temperature
dependency of Faraday rotation was investigated by measuring the Verdet
constant of a Faraday active sample for temperatures between T = 6 K to
T = 72 K. A linear 1/T dependency of the Verdet constant was observed in
the measured regime.

Measurements of the wide angle coherent backscattering cone showed that
the disorder is slightly lowered by adding CeF3 powder to TiO2 powder.

5.2 Perspective

The reason to characterize mixtures of strong Faraday active powder and
strong scattering powder is the interest in the topic of Anderson localization of
light. In high magnetic fields it might be possible to use the magneto-optical
Faraday effect to destroy the time-reversal invariance in highly scattering me-
dia, and thus observe a transition from localization to diffusion. Therefore
special materials are required.

In the last part of this thesis, preliminary experiments on Anderson local-
ization were carried out. The obtained results lead to the assumption that a
sample of ≈ 5 vol% CeF3 and the rest TiO2 should be strong enough Faraday
active and should still show signs of localization to allow the measurement of
the destruction of localization by magnetic fields.

Recently a relation between Anderson localization of light in 3D and non-
linear effects was discovered by W. Bührer [17] and investigated more intense
by Sperling et. al [56]. The signs of localization claimed earlier by Sper-
ling et. al [3] were questioned to be distinguished with fluorescence or non-
linearities [57]. Destroying the measured signs of localization with magnetic
fields via the Faraday effect and observing a phase transition to diffusion would
proof the origin of the observed signs to be Anderson localization.
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